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mvid wmd srjiQHni svo v
FHEFAfil
Ther« is muteh infortsatlon and <Ut« publishsd tm
i»i«l« «rxl aIIo/9 for us« «t t««ip«ratur«« •xo«»dix]( lOOQo?,
UnTorttnuitfiljr vaoh of tht data la praaentad In a factual
«dth a minlwwi af Intarpretatlon and eorrelation* Fron aiioh a
Haaa and naae of ooaipoaitiona, taKparatisraa^ times^ tasta,
aathada and r^Mny oihar varlablaa it la dlffieiiXt to gat a elaar
^dotura of jiuit what la daairad in a metal or alloy for uaa
at high taicfioratttraa*
Thara ara aaToral raaaona for thia atata of affaira.
Only oaniaaratiTaly raeantly hava vtaala, for aaeampla, baan aold
prii&arlly on tha baala of naahanioal |»<opertiaa rathar than on
tha baala of aNnnieal oompoaltiona •
High tanparatura aHeya tmr* n—d^d In a hijrry fbr
gaa turblnaa, jat «agi»aa, ttirboaupar«hargara, and othar cdlitaiy
applioationa during tha racaot war. Ti»a ai«4:>ly waa not avallabla
to bmUw fundamantal studiaa of phenomana ooourrlng at alavatad
iaa^raturaa* Aa a raault nany variad and divaraa alloya %para
manufaeturadt The auoceaaful alloya >iara ao daaaiad on tha baala
of final parforrsanoa in tha applieation whiah la quita logloal^
but thara waa not a atandard ayataia of laboratory taating on whiak
ona oould raly to rate tha varioua alloya prior to tha aanrioa taat.
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MiH hvm thT9% or four Alloying oIcnraiA whilo another
havo ion alloyiog oIoMOBto*
In ordor to arrlTe at sono Uyfy of goneral InfoneatioB
tmA «aniid«r«iions «liiili idislit bo appUod to oolootion of notala
for uao at olovatod t«iBporatur«a« an att«ap% 1mm boon i«do la
iho folIoMiai ropari to alaaaify oxiating \mmAM^ —idar Tarlova





In I%8, * report bj Se«rboroti|^ (1) tr&e«(l th* cl«T»Iop-
Mit of h»*t r««lstaDt materials. The oovoraft glvMi b/ hia
best b« mMMid «p bgr a dupIloAtion of th« tahl* of ooatMis
•f hi« rtpori*
X « Xntro4Ju6ti(m




Idili t«ap«ratur« strength and ductility
alloya and alloying olaaMmt affoeta
HI. SvaluatioB of Uaratad Twparatttra Vaterlal
data and aorralation
eraap






Cr « Mi • Co - Pa alloys
oo^parlssiui and par^artias of aupar alloys
T« Futurs of Haat Baalatant Katazlals
of tba aatarlal In tha praaaat raport ovarlaps ta
a eertain axtani tlia aatarlal of tha aarliar report by Soarboroui^^
but oYarall tha organisation and aaqphaaia ia radlaally diffarant.
In Una with the nora modam approaah of atudying itaals for
by olaaaifying than aaaording to atruotiira and of apaaifying
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«•^^<.>qgn aid \0
•#»«^l» ^mmmim ^;yith(fiJSB ba» vtolXA
JbJ^AftM vtuiMnmpat^'H im^iUv^IM lo «uLImkIm€ •III
MibhiMa
w%9lim •% •» oO « lis « «D
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>t«ela on th« basis of raaohaoioAl prop«rti*a and hardbnablllt/f
«• littXo rer«r«ne« will b« aad« to tpociTia ohMoieal eonposl-
tlona and IndirLdital allojrlxig •l«Mit« mm i» tonaistent with
«Ml«rstandLnc th« rwHurks ti»r*iB« In other words, nore iiapor-
tAiMO !• Merib«4 to th« propwrtiM of tht psrtleular allojr
than to tho MMqpooition uliifCo tho alloying oIcMnts ar« ordj
ooM of tho oaQjr rarlablM suoh aa nalilnf^ In^^ot practla* or
Mating y working^ and heat tnMipiMBt whleh detendjia tha
aebanleal propartlaa of tha alloy* Of ooursa thera ara axoap-
tlons to tha abova vhera an Individual alwiant la vary Ir.por-
tmnt auah mm tha aaaaasity of having ehrooltiA praaant la auffl«-
lant auoiwt for aorroaion rasiataneaf graphltlsatlon aa a rasuLi
of an oxeaas of silicon idth aufflolant aarbon^ and tha noa-pro-
taetlva natura of tha ogdda of nolybdama* Thaaa aoEoaptlona
tdth sovaral othora mx^ dlaeuavad In tha approprlata saetlons
of thla raport*
Whlla on tha aubjaet of tha affaet of apacLfle alloyiji^
•lanania In haat raalatlng ataala. It cd^ ba rawartead that
Iain (2) haa praaaotad tha genaral subject of alloying alaaMOta
In ataal and tobklK (3) hu dMcrlbad tha affaeta of alloying
alananta In haat realatlng ataala«
W» 0. Biadar (19) haa olaaalflad high taq^ratura alloys
In tha following loannart
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•-Imi|«im» JaaliuBwfr 9«t^li««N}« ot ^b. ^j^r« v^ttunv^ «»\ ^kU^il •m
A» Vark»hard»aed Alloyi
!• Up to 70;C P»
2* Cold w>rk»d au8t<raitle strttctur*
3* {{Igh yittld strength
4. UraltiKi to 1350^. 8«rvio«
B» lbM.t«-tr«at«d allogrs
1* Mon-tltaniua baarizig
»• Dp to 309t '•
to* F««« Mni«r«d ouble l«ttice struet\tr«
e« ]4w»r jidd striingth than alas* "A"
d* 9vb^«et to ohaago in solid oolubility
•• OrOAtor high tonporatiiro strength than
olass **A'*
2* Titanium bsaring
«• Up to 55^ '• or not less than 6% iron
with bslsaos nickel and cobalt or niekel
to* ?ao« eenterod outolc lattice
•• Charasterised by high yield strongtii
4* Liciltod to aboxit 1350^ serviee tsnperatvt
C« Ca9t alloys
1. Gotoalt*base types
»• Osstsln up to US Iron
to* Faes«eeiitere4 eutole lattioe
e« Nederately high yield strength
d* Subjeet to solid eolubility ohsBflS*
e« Greater ttigh te«:{>erature strength than elass "B*
2« Chrosiiai * bass slloys
A* Contain up te 25 peroent iron
b« Bod(y-Centered cubic lattice
o« 3xtr«aely brittle at reoB& tsnperstum
d* Possess high strength at elemtsd tsnperatures
T)is &bov<s elassifioatlon is not the only classification
given to high temperature alloys in the last few years. It is






mnl %X o;r qjtf ait^mlO •«
I" —£ib m^ <^
<«#^««« 1 .iic^i*)tfk«r¥^ j ]?C ixJ* rMt
^ .
d^n.-^ »^9>'*.t .l2i|i ,t»Tlfior^ ?.iv>lrsaao laea no iirod (Bull ies ^rXcfistfomr
•€
99fwmnl interesting points to note on it. Tha alloys Hato
gr><l>od M OMit or wrox^^^ht, hoat troatad or work-bardanad^
and r«fararvea ia nada to lattice structura, solid aolubilitgr^
jdaXd stran^hf iiigh tss^rature strength, and duotilitjr. In
the aarliar days of higjn tw^wratura lastallursjf just a fatr /sart
aga^ it was baliavad that high tas^Mratura strangth oo\ild ba
ineraaaai aara aatpaditioualj bgr varying <MB9oaition aad kaa^ing
procassing rariablas eonstani (19)* This rsaultad in a larga
BVP^r of oowylaic oo&poaition whiah defy aystanatio elassifiaatioii.
Tat it wsa aotad that nost of tha all^rs i«sra subjaet to solid
aolubility ebangaa at 1200 - ISOO^F. It is logioal to assuns
than that thaaa alloys aro aiirdlar in that th^ probablj gat thair
atraagth frori tha alloying alsnants by tha sans aaahaBlsai*
Is order to properly araluate an allo^ for an snginaering
ai^iaation one anst know the oonditions of operation of tha piaaa
of oquipnsRi* F^r axasqple tha aeleetion of laatsrial for tha inner
wall of a oooled, liquid propellant rootast sotor (16) would ba
on a different basis than tha selection of isaterial for blades of
a gas turbine (23), (24), (29), (30) • Km gas turbine and turba-
superoharger are very snioh alilce except in one respect •• siae,
Thm (41) has saids "It is one thing to bfuild an4 blads a 8e>aU
disk for a turbo«-superchargar which opsratss at say 150t^. naariw
but at fairly low oentrlfttgal stress, and another thii^ to construet
and Baount & similar blade, widch znay ba fifty tlnsa as heayy to
run at peripheral speeds exceeding the velocity of sound. This
-4 -
WdfizX a n£ H^Jlu^s^ alzil . :-:;2.jNtni'^'S fiaid«i*Lcv aisliittatfiq
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It to dirfieult th*t th« gft« turbin*, so far, !•
d**l2D»d to run 200 or 300 dBgr—9 ?• ootler than Urn turbo-
wnpmr^tukrgtr d«»pit« th« fa«t that thamodjaanld •ffi«l«iM^
increaaes faatar than ttaparatur*. TIsm of oparatlon r4»t
also bo oonaldarod* Is tho turbine eaqpaotad to run a —irlwi of 1000
hour* or la tbo aacpootod Ufa to be 100,000 hours? Is operation
to be stead/ suab as a power house applioation or la operatlstt
to ba c/clle sueh as in a transi^ortatloa ai^llcatloQ?
In ordmr to restriot sowenihat the stangr f&cetad problaa
of araluatiof falfjh ta^^raiure alloys, the bulk of this report
will ba conoercMMl prLiMurily vith pyppertlas of interest with respaot
to naterlal for gas turbina rotors and bladas* Tha rot«r and bladaa
of a gas turbine are peHiaps the tsost diffioult application io
aaai since tha tasiper&ture of the blades Is tiigh, the stress systeai
is aaaifilsK to ths point of being insoluhla, and just &boui all of
tha propertiae and tests aaaoeiatad with hi|th teaqperature alloys
aat ruoelTe oonsideration* A scJMnatio diafTSM of a gas turbini
photograph is showi in Tigyar* 1*
Originally, it was plannad to desoriba testing oethods and
•quipcMKit in some detail* But due to lisltatioaa of tins, it was
deddad ta oaka rathar brief liraitad referaro^ ^ testing equip-
»ant» CoB^^lata descriptions of tha eq;ui{»snt cantloned aagr be fasMtf
in tha artieles referred to in tha bibliogri:>^*
Xvaas (30) has preaentad the points whiah nust ba oonaiderad
in evaluating eaatariala for g%9 turbine senriea in a unique manner
t
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JWftlti tiel# 1» iL£i;¥ Mil f^t^-Liji t» Ho
*>'• tiMjIi^iK jjniJw*^ wiitioa^b




|ff«et of fluctuations la
•xposur*









According to LVana, the <i«ai«n mglnosr first spscifiss ths
liidiing conditions of strsss, ttrsla, tiiai, and tsnparatura*
Thaa ths laatallurgiot selaots the proper mt«rial oonsidarlng
the factors Usted inside the box, always with th* fo\»r Uritlng
eoadltions of stress, strain, tiiaa, and ts«p«rature in sind*
The TiiAk»n RoUer Bearing Coajpany (134) ewploys the foUowing
tests depicted in the dlagraawitie sketch below in deterwlnlBg tlia
a«iUbility of stasis for high tenperatvre senrioe.
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of creep and stress-rurture
specimens
Room temperature
Tensile and ir.pact tests









7b« r04Mii for pretwatiog th« elAsairicAtiens of
liigk tw^MNTAturo alloys^ of proportits to bo ooiisidorod, and
of testa usuftXljr porfonMd haa bo«n to illuatrat* tho iMtaia
U|iOa whioh tha Kiajor polnta of thla report were aeloetad*
The table of oontante servaa as an outlias for tha
Matarlsl of this paper* Tlie itaits listad under eaafa oajor




4* Theory or preaent status
B» Applieation
C» Curreai axperlEiental work
D» Okmaral reonarks
While the topics Itave bawi ijhjrsiaally separated for purpoaas of
elassification, it nuat be resneubered that they are depetxienl
on ea«h other to a rery large degraa.
- 7 -
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-t©! mmXl<fif9 rjj »« swrrec Ic ulcU^ ©iff
%©t©« rf©©* -ivjMur DmJ It. Li. tLm^s o*;! •'(%4©(4 »ii|.Hr^ t© i©Jti©4Mi
in 1 ©ri* dilw -i©li©« ^©©tdM ©gij^ •A»l>©^©«Kri©«ii ©%• ©iqoJ
^ Ml ©0*111111 "J©! »»w-»ijK|©B itLi©©JW^i;i tttt©ci 9tMd «©itfo# ©^ ©Xiiftl
Ai«toiM(!«b ©M iBMt^ i©di i»i|©(/ia« Jimi ii »i»i^©oni©iAX©
.9«<r >Y « oi <i©tf^ i(p©© o©
SmSMOTH. T0USHHE3S. JUCTILITI
In reviewing the literature of high teaperatiare
Betallurgjr, the reader Ter/ frequentlj encounters the
stateaMit that strength^ toughness, and duetilitj are desi-
rable in alloys for use at high teciperature (4S), (^)> (78).
Strength and toughness are rather obseure tenoa; no one ean
reallj give a binding definition for either of then* Ductility
is usually associated vlth elongation or reduction in area*
9»iiglHMiss i« usually associated with noteh seBsitiYity. Very
often, toughness and ductility are loosely referred to as a
single property or characteristic
•
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Sqttl-coheelTS %mtpmntuf (136) is aesoeiatttd with
strength and t«iap«ratur* (34)> (60)^ (63), This tamperatur*
is dftfiMMl AS tha trnKprntrntvaen abora vhieh tha aatarial falla
with a palatiTaly brittle fracture which follow* grain bou»-
dariaa or (phaaa boundariea), and kwlow Wliieh failure oeoura
aa a relatiTvly ductile proo«as in a transersrstallina nauMr*
Another way of stating the definition is that it is tha tampara-
tiire abov« whioh a siaterial fails b7 clearaga das to straia
rata^ rather than hgr slip* teisa people have objected to tha
use of th« tern equi-oohesiTe tmqperature on several grounds (63)
while other investigatoxv havct used the tens in a pturelj deacrip-
tlTS manner* The prinoipal objestion is that the tixae of appll*
cation of atreaa determines whether the fracture is brittle or
duetils* Thus the equi-ooheslTe tenperature is not a trus eonstaat*
This subject is developed further in the sections on creep, stress
rupture, and hot tensile testing*
3oB« very fundaiaental studiea have bean Bade by Osipov
recently on the fvlnciplea of alloying of hot strength Qetallio
alloys (35) » the relation between tiie aielting tenperature and
the high tenperature strength of alloys (36) ^^ and factors in
the high teitiperatiure strength of heterogeneous alloys (37 )•
Osipov has considered tha general aspect of the hot strength of
hoaaogenous solid solutions having B. C. C. and F. C« C. structures
on ttie basis of tha N(£) curves for iron« M(C), the density of
electron states, in <^ and )^ irons la plotted versus , the energjr
- 9-
•HMMptf tiling i. '^tnt ol^iltd *at9^ * lUIu
fi .. •• ::'*>Jc'©tc^ «'"'-'*''' eX«lA9q mot qi'- ,
•nrt<#a ^q«»n;o no ». ;i>iii «i i©rf.tn*x'i i>«qoI*v«& al ^^^idi.!f\ airfT
^4|fiep ^<cf eJiMi «»«u »\'«ii wmJtbuSn Xft#aMttbniil
-^ci^t iao€
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of th« •X«etron« in Ry^bcrg units • Slsctrons cmst ehangt th«ir
mximrgy and (liJitxlbutlon in the crystal strueturs wh«n th« nstal
is plAstisally dsfonosd* Ths probability of rsdlstributlsa
is lowsr (tbsrsfors th« rssistanes to dsfomation is rr^Mttsr)
th« fsvsr are the pertxiitted states ot electrons in the U]^3er
••mpi^d lerels. Osi}:soy then states the following prioeiplet
"4 hosttgeneotts solid solution vith a XBinlans density of electron
states Ib the region of the higher oceupied levels of the M {€)
curve aiaet possess the meaciwHW heat resistance." The addition
of a B. C* C« elesMRt to a P, C. 0» solvent results iii greater
hardness and strength at high teisperatures as a result of noa*
uniforKit/ of the eleetren distribution* Metals with different
ersrstal structures and wideljr separated in the periodic table
tend to fori^ intenaetallic ecmpounds* 1%e electron distributioft
in such Bietals also diffsrs sharply^ so an increase In strragth
of a F» C* C. solid solution vmj be expected when several alloying
•lesMmts that fon. intersaetallie ec»apounds aneng thenselves are
added.
Osipov explains the relation between nelting tetiiperature
and high teEu^perature strength in this aanMSP* Hear the tsetpera-
ture of crystallization, the liquid and solid have cnieh in ciiww
in the distribution of atoms. In the character of thersed aotion,
and in the forces of interatociic interaetion* Kxporiasntal data
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w^ o«vI'»«.T«ft.1i' nfwitSA nhaafxmgsm *tftii»B!*-ft^ri. * it*^*^ tA'*^^ p iT'-ft.rjfi. r#
aXloys oeaflm Um ftbor* Ti«irt to * o«rialn «3ct«nt. Th«
mfhfcal cMJL •tr«agtb oT th» aboT« illoys wac ev^Xu&tad at 1100^
ligr tll« JSMrtAod of KomdBov. In ttds B«thod^ tha alloy cNnilac
tb* least dQiioctioo uaa«r ths action of o«iiirifugal Toreo has
th* beet high iea^erature eireri^h*
In at»3th«r airtioXe (37) Onipor attempt3 to irxplaln
the reason vh;y the hlfli tenperatxure etren^^th ox' s<»e hetei<ae«neox^
alloyv 1« less than the 8tre£iglh of the glzi^Ie-phaae alloy, while
in othcnr SfateBHi, the revtme is true* Tlie transition zone that
exiata betM««ri the ^jraina of a slngle-j^haso alloy as co;;p^red
with the aone between the two differont pKasea in a heterogeneoue
alloy appear* to he the factor of oaln Icqjortanee* The aeahaniea
of flow la aaeittiied to be the eane as that of diffiisioa* If the
melting point of the transition sone is low, difrxision of this
grain boundary laaterlal into adjjoining grains oeetirs rapidly*
Ettteetic syrtacts have lower mltiog tee^ratures than the pure
phases. Therefore the high temperature strength is lower for
hetero^eneotis allo/s in euteotie s^'Stei&s than for the single phas«
alloy.
the reniarks of Osij^ov, stated abore, are ba^ed on rather
ueagar eocperlntwital evidenoe but do iudioate an approach to the
subject of creep atx>ength and rapture strength, for eaanple, «hi«il
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Ouctility has b—n a controvsrsial eubjeot in th«
fiald of high i«Kp«ratvir« alloja, aad raomtl/ greater a^^iaaia
haa b«eri placad xi|X>s the paraant alongatiou eauaad by appliad
straasaa ovar var^'lng tiaa parioda (Il)« Ixi ^jfclie operatiaat
af mUhXanj (haating * cooling • haating) if plastic flow
tvPtk ttaanaal »^r9m^» aaaara m mmth high taaparatxura phaaa af
a eycla^ high vtraaaas maj raault aaeh tina the rolnl— %mfmn^
tura is raaohad. In eituationa like thia, muxy angj^saars nilX
apecif^ rooxa tasiparature ituetility aa tha uajor or prinuy
raquiraMKit rei/in^ upon tha ability of the trtaterial in changing
ita aisa to radiatribul^ and reduce tha thercALly induced streaaea (1*8),
In aany cases a nrfwiaww elongation of 5% in 2000 botir straaa rvp"
ture test is considered deairabXa (U)* Croaa and flmsm (47)
hare saidt « tkwevar, low pao»-4e«perat\are ductility does not
naoaasaril.y aaan inadequate duotilitj at tha ele#atad teoperatvra
of operation^ and tha niXliona of these oast buckets that gara
aatiefaaiory aenriaa are auffiaiant proof that tha final anmar on
ductility is in an actual serviee test and not in an arbitrarily
ehoaen ataatfard of ductility in the laboratory." Cross and Siavoaa
are referring to J.talliuBi buckets in turbosx^^rehargers in tha
statasMMnt abora* They are not objecting to dtietility^ per sa,
but to the Ciethod of evaluating it, since the fact that the vitallixoi
turboeupereharger blades perfomad aatisfaetorily under oyelia
operating aonditiona w>uld indicate that local elongation oooxxrred
- 12 -
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duriag periods of orwlotA and sixf/idlMai rolisf of 8tr««t
eone«ntratioc< »« a resxilt of ooollng WM aeoMtpIitlwd (11)
to pr«v«nt failure. Slogfriod (127) favors deserlblnc tb«
bohavior of a stoel undsr atroaa at tloirated tanparaturos \^
t«N» fftr«agth Taluaa -* tha raalatanoe of iho natarlal to
4afo>«ation and tha raaiatanoa of tha £iat«rlal to fraottira*
Baaiatanea to dafonoatlon ia definad aa tha liadtlpc atraaa
tmdar vhlah a eaaaation of oraap avantually takaa plaaa*
laaiatanoa to fraeture la rapreaontad bgr tha load raaxiltln^
in dafozwatlonlaaa fraotiu^a after an Infinite length of tiaa*
Reeiatanaa to dafomation stlght be daterEdned tgr a ralatiTaljr
ahort tiaa teat i^roTldad that tha internal stniot>jre of the
interior of the teat apeaisMm would not abanga during aactaaaiOB
of tlzoe beyond that at whieh limiting atraaa occijura and provided
further that tl^ie aurface of the teat apaeiaan rtHainad vnaffeatad
tegr ai^bient aonditiona* With the above requireasnia in miztd^
«ld«fei i»1,<wiltlly Siegfried did not oonaidar^ aie^fried aui^geaia
a oowblaatien abort tioa, long tiJM teat on notcliad bar apaatama
in teaaioB in whlali tha reeiatanoe to defonaatioe and the reaiataoaa
to fraeture are obtained*
-13-











tb«r« r«A3Jk}^ Is na ganaralljr aeospt^d th«or7 m
iht is«ehani<ft oX cr««p* Ac»drad«« KaaWr^ S«its^ Orowts aai
oihsrs hav« Advanosd Uieorlss^ but for tb« ko»1 part tim—
UHi in turn ci«p«tul«ot oo other th«MPlo8 and a««uiq;tiMM \ti!Ltk
are not uai^rarsall^ aoo«pt«cl« .'^uoh Ida** as viaoous flow at
fraln bountUrlao and withlxi graiiui(Andra(lt 137)9 viscous flow
as a dlffuaioii pro«ass (Kanter 133 )» disIoeAtion thaorj applied
to tratisiant orsap (Soita and othars 144) t and talcro oraap la
was eryvtals iMposing an alastla otraaa upsn othar ersrstals
(Orowan 139) havo b«ao a\iiigtataci» It is not tha intant to di9-»
•usa thaaa thaoriaa for tha raaaaii offarad abo-ra*
Intarpratation aad jprasatitation of oraap data has
appeared in aavaral variationa. >{oVatt7 and Nadai (141) ^tart
introduaad a tisthod nhioh invoXvas tha ostabliahnaot of a
hyparbolia aina ralatiooahip botwaan tha «1.niiiii« araap rate sad
straas ovar a rao^a of taa^raturaa* Qy oroaa plotting^ a aiBi<
lar ralatiooahip ia aatabliahad batiraan tha ainlaww oraof rata
and taoparatura <yv«r a ranga of straaaaa* A sisdlar piatsdui'a
is folXowad Mlth raapaot to tha dafomation obtainad dxtrins tha
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Ilodorato load at rjodixra, to hig
Tonperatxoro.
Lev; load or lo\r tonqporaturo or jotti.












of total dofonnntlon Tortus tlse oY«r a rang* of ttrcsass
«t eonstant t«Aporatur« are pXortva. S«ta mt evrr^a m/ to
orer th« antiro rtiis« of iwapraturas U0«d« For a oi>mp]i4t
diacuation of tha a{>|£Llaatlon of this nathod s«« refaranea (142) i
Ti±» parti-cular isathod luui aoaaavluii UU&itad voxua sIxkm apfxLia**
tion of tha abora ahart it raatrletad to taata at axaaily tha
9&m ta^paratura, Cvaa alight variationa in ta»; arat«ra raault
lii a Karkad da^artura froK. thaaa o\tnrat»
Oraap data ara uatadl/ plottad wt ^wrrw at ahcaoi
In Flguraa 2 and ?• Tha oraer. «rurv« thua oonaiats af thraa aa*-
tlottt) tranaiant oraap, aaeoiutary craej^, and tlilra auiga eraap
4uat {.nrlor to ruptura. la ganaral tha ^^raataat Intoraat ia iM
tha sacftloB of tha crurva laioiin aa aaaondary or uniforEi eraap*
Aeeordln£ to AHOi aaalgnation 2&22 • 41 rattiLta of tba eraap tasi
ttaj ba plottad in ti^ta tolXonAxkg Mannar s (145)
(a) "Sstanaion^tina ourvas should ba plotted on
ordinary raetan^ular eoordinata jmpmr at
aatpi/ large aaalay and aiiah eurvat aheuXd
state whether or not elaatie eoctenaien im
iiioludad and^ if so, what it la* Tina ia
preferakl;' eoqsreaead in hoture*"
(b) Far a partloular t^wsparatura, log-log plota
of ttraea Teraua rata of areap ara daalrabla.
5«aali pleta ara uaafyl vithln the limits of
detendnad valuee,
(o) For eaab aatarial a plot of log ttr«nftli
Yarsita tanparatura la daeirable* for the
higher tamper&turaa, svah plota apjproMli
atraij^t linee although the plotting «f
data on aaedlog eharta often ra.iuitt in
a atraight line relatienahip, extrapolation
























Log oocondary croop rato
PiSuro 'j^ (50)
Cr««p d«i» haa bMn th« suooMsfuI basis of
for stsaffi turbliitts te oporate at t«q>araturea up to 950^F
with an axpaotod Ufo of at laaat 10 jnaara (50) • Particntlarly
utoara oloaa toleraneaa aoust ba aalntainad^ daalgn is basad on
eraap atrao^^h^ For axaaplay ataam turbim parta ara daai^MA
on tha baaia of 1^ alocgation in 100,000 houra (II)* Tha origl-
aal Slllott gaa turblna waa deaignad for a life of 10 jraara and
for atraaaaa in tha naigbbor^tood of 6-^000 pal (24)*
Althoxiigh it haa baen nantionad that tha uaJLn intaraat
is in tka aaoond atsfo or uaiforsri oreap part of t\)» craap cux*va
tha itdtial aooioit of deformation frosi tranaient eraap auat ba
aonaidarad in daaign caloulationa. Craap curras for various
taaparaturaa ara ganaraUy parallel* Two spoxtpB of curvaa aaak
with paraxial siopaa atajr axlst - oaa grov^^ for taoparaturaa abovt
and tha othar c>ro^p for ta^paraturaa balov tha roaiTStalliaatiott
t«B9>aratura*
Mban aiiffioiant eraap and atrasa to ruptxira data aadat,
so ea3Lla<i daaign eurraa ara plotted (1QB)(30)« Tha daai^i curras
as illuatratad in Figure k give atresa for a glTan taBparatars
that will produca a certain dofonoation in a given tioa. Gommm
yrastiea for dasigraera la to daaign with a atreaa whioh will raault
in a aaeox^dary creep rate of ^OOQl.% par hour for 1000 hoitra or a
faator of safety of 50^ is applied to the atraas which will prurtaw
a oraap rata of 0«Q1^ par hour for 1000 hours* Quite often tha
axtenaion in the transient stags of oraap is iHsproodjaataly aquira-
lent to the axtenaion in tha aaaondarj ataga of craap for 1000 hours(30)«
.16 .
m b*
kM ruHvt OX > «li.C s ^cdl Iv T-wi M« i#fiiiXai Xms
•jj«iiu»Y -so'l s^^-wr; ^;;i$riQ •auc.
td* »eJlo 9;^>L'p timrorf CJtXU lio'i t . . .0 lo •4»'x <i»«"to a
Tim rul«8 of thun^ aknrt «r« striotly «sf)iri<4kL« Th« "tnmsitloa
poiai oiu*T«" is plotted i'roBi Um ttrw— sMl o«nr«tponctii^ times
whan th« cr««^ rat« lnarMi9«8 to I09S Abor* th» sfnnrtiry rat*. It
i« laportMit Umt th* cbMigMr siofBoaa or diaign %tom trmituro for
•trossoa whioh wiXX not oauo* «ict«iuiTe olongation for tim periods
oYor 1000 hour* slno* ^wry XittXo data ham bma oktaiiMd about th«
ability of tho varloua notals and alloys to d«fon& for Imag porloda
of tint without pr«uatur« fractura* For thla raaaon^ tba dtaicMr
should probabljr stay wsll daar of ths transition point ewrs and
Halt strsssas to ths M survs if hs ioqpscts ths structtors to
last tsn ysars (30) • In 1942, ths Osasral Xlsstrie Coapawy niilstad
a ssriss of 100^000 hour orssp tssts at a42^P on sa 4350*. U
illustrats oz*dar of laaisltiads figurssi
X* 25^CXX) pal atrsss oaussd third staga eraap aftsr
70,000 hours.
2« 21,000, 17,000 and 13,000 psi oaussd sonstant
or graduall/ radoaiag sseondary crsap rats for
fttU 100,000 hours (30).
842^ is esnsidsrabXy bslov lOOQPP, ths mlaXmm tSHpsraturs in whleh
iha aain Intsrsst of this papsr liss« But it is Interssting to oosh
para sons of thn &bov« flguras with data obtainsd on omh hlghsr
alloysd stasis or uors a«apl«x alloys at hi^r tsa^raturas. Fbr
axaiap&a. Grant (60) in iforking on ths dsvaloposnt of alloys suitabls
for long - tins operation in /^aa turbinss to be opsratad at 135G^
* Sss apiHindlx I for compositions
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Higli tonpcrature design inforDation. Spread io
due to difroronco in lioat troatnont • ili^li creep
and rupture values above lOOOF are fron laatorial
v;ator quondiod from 2150F. The lev; valuco are for
raatcrial air cooled from 1700P»
%0 1500^ V Mi ti|) a goal of % III n\wi erMip rai« of 0«
p«r kiottr (1^ In XOO^OOO hours) at a atraaa of 7«0CX) pal and a
imv^txu-, of iVp.
AaottMir MinfMilaBt mir of plottli^ watp Mba la to
plot Iqg etroaa araua log of tha aaaeaciary oraap rata at various
taaparaturaa. Ihaaa ciata plot as atva&fhl lXam§, aa lndiaata4
la Flgura 5* >*)uah atralgfot XIimm •naMraga Intarpolatloft ami
aactrapoXatloAf but thara ara aoae dangars In deii« this* Crasp
eunras vhlsh hava baan seaiootatf for tha purpoaa of obtalzilng a
rattt of daforiimtloii tall £»>iidjig abawt tha tlna It will taka for
a aatal to fractura undar tba ImmU appXiad^ and nothing atoaiA
sten to aapaot fallura un<lar lowir loads (64) • Tha raason for
tha abova atatauant and tha tn^lrlaai atataaanta taantlonad
ragardlag prapar aalaatlon of a aafa rata Is forthar s^pLilasd
togathar vLth tha atraaa ruptura tast«
Aftar swiittng dalMi as 1$ of tha aldsp Idi^ t4Mparatur«
alloys, Kvans (30) haa r«MVlBSd %ht^ tbara mot bs as wmtk as lOQK
apraad In tha straaa oaaaaaargr to prad»ss isandiry oraap of 0«0l^
In 1000 hoi«*a« This appllas partlsularl/ for tiJirainfas abwpt
1000^ f• In rigors 6, aa abnoTKal spraad pwrpassXr sawsid br t>M^
traatMNBt la wtmm» Tha dlffaranaaa tfaoim hara bat%iaan bwra air
saolad frott X700V am agalnat bara watar quanahad fro* 2150^ sould
ba ths raauXt of watar quanablng saaU ami Xarga aastlons* Othar
fastora of stniotura, naXtlag praatiea, haat traataant, and working
oouXd «Xao aauss a apraad In raauXta* T^taaa affasts ara dlaouaaad la
A* •i«i c|Mn» ^CM**!^** o^ ^« J^ mf*09 a«»iia apl4oIu
IMA 4BMi«9fe «f3 j cImkiX WMfoi mhnu 9%KilkiA 4—^m o^ «*4w
>Wielit»^- r^'i'<wi »»il« iM^hiciai m1^ Imui jtaiMiiA4« wy^ ^it
Ml M ilHM •« t-
tha aeetions on stniettxra^ naltlng and oaating practtpl^ ha&t
traatmant and iiorklng.
Tha eraep taat may not ba tha bast taat to usa for
an anginaaring application on a large soala, Tha taat takas a
rmry Icmg tlata to run* For axanplaf 10 yaara is approxliaatalT'
QTpQOO hours. Tat aaoondary eraap rata raluas Biay ba daairad
ovar a parlod of 100^000 hours. ?or gas turbina applications
tha strain laaaaurMMnts smst ba vary aacurately t^esn sinea
tha craap rata is rmry mqaII* For axas^a, if dasign is
pradioataa on Hi^ total alongation in 100,000 hours > this alonga*
tion to ba tha rasiilt of aaoondary eraap (uniform craap) » tha
axtensoiuatar or maasuring darLoa if taking daily readings %K>uld
hare to ba aaeurata to tha order of 5 oiUionths of an inoh*
This is ao baaausa a eraap of IS in 100,000 hours la aquiiralant
to a craap rate of .OOOODt par hour or 2 x 10' inohea par hour
for a 2 inch gage length (64) • During this gra«i lamrth of tint,
tha tenperatiare must be oaintadned very accurately over tha entire
gaga length of the spaelnM (53)* It has been x*enuu*k«d that tasq^artt*-
tura control on furxiaces for creep siaohinas should ba tic for ta»»
paraturea up to 900^0 (59)* For certain loads on certain i&ateri&la,
an increase of lO^P nay double the creep rate. Expressing the craaji
rate in terns of percentage creep per hour the increase in tha
rate by doubling tha ndnuta initial rate does not appear to ba
alarruing. However after a tizae such as 50,000 liours, the effeat of





#A»i«viuiM» ftl swori a.' . JUL ^ I9 <l*«ri» « Mcnwsd «• al vitfT
<!•' lo »»9 :?J8
lo i»o^l» tt^ ,a'«uorI , '^ «fe rfswre *•• .^ rey^^ , . , • ,. '„»,£«
•ImmaHfin* th* wtp jiiiiiiti msi b« topi la tauMi
tefing tlie Lon^iP tia* of t«ftt isKtor a load of 4Mid migliU •ppliai
ilupMCh * «jr«t«i of loir»is« l^tfijoliio (56) hfto roportKt «
drivw oro«f> • tmplftiro ftlm inihiai iM«h olwiftiM %km
•f an «xt«t«o6:ot«r an4 lovwr Km«« «id walgtitii aro whoUy •Uainaio4«
Aa naa lrKtio«t«l In Itgwroo 4« 5» «»1 6 a nhol* fanUgr of <Wi—
ia naaiiil for a imwMmAMr natorlal to ao« tihat botefior nqr bo
roaaooaUj «q;»oetoA ai dlfforont ioada or dlfforoni 1 aapiwilwia (54)*
latto rofaraaao ie murm k on flcwo 2, it aiJ}>oara that thoro la
tuQ r iaiOMfalAo alonf»tlon aftor tba priuarj oroop atago, but ono ma
not ooneXndo that tho [ia<|ji> MUX tdthstaad ilda atraaa IndofinitoJly,
Tbo inltlatiofi of tho aooeXor«tiib-. rmto of eroop ultistatol/ loartlni
to fraoture eannot bo aaawatoljr proidiatoci fbr eiv<Hi oooiiliioaa of
•trooo an4 tiwiyoratMra tnm Aata baaod on toaia oarfiad out mi$tm
hA40imp strooooa and t«Kparat«roa W)m
In i^iottins oroop, tiio oorroo «b <llfforont otoala fro-»
quontly oroaa* Thita a tsaiorlftl Midoh haa aaaoaalvo oroop at a
Xowor toesporatnro aa^^ bo an ImfippioooNnt ownp tha othflp miarlaX
at a rdglMr t«a|)«ffatiira (<>)• Thla la UXuatratoa t^ Um follawtm
ciatat





toil ;f{i *Ji^l«» i»ritl^ '\c .''j^-ni s t^^nif S9m^ *!« »••£> t ^l*uf|>
• (^?; %»vtMmci!m$ ten- c«««««J« <taci;|iii
JMAjA^AMWr,.'" , fc
(Otlmr point! not^d in th^ aboTo tests
Xm «xt«Acion X«M than «5)f of g«g« Imgtli inrlm
first 24 hours*
3« s«nsitivitj of nsMnuMssnt, 10 ioch«s on a
2« during EMart 40 hours, no forilisr sxtsnsifls
s bmisii
2 Ineh gag* Isngtli)«
tbs orssp tost was dssaribsd a« a tast of statarials
for oasentiaJLXy long tins applisation at eonatant taaparatura*
km suoh tha priaary lAtaraat wui In tha aaeondary sta^* as*
SRlfom rata of oraap* Ke purtlouLar intaraat waa flvan to
fallura or mjAura while diaeuatlng tha craap teat* In praotioaf
howarar, tha ruptiire life of a Aatarlal la of very great Ictarast
to tha daaigoar of gaa torbinaa* In tha atartiog of a gas turbina,
tha tMiparatura riaaa oontixmously until tha siaa^jr oparatini;
iaai^sratura of tha bladaa, diaas, and otliar ooiqjaasBts is raaehad*
Over a vary short tiina, than^ appraelabla dafomatiaa aa^ result
froBi tbatwial aauaas as vwll as &aohanleal laading* Agaln^ thera
ia nothlni ^ soaranttaa that tha apaad ragxilation dariaa is fsim
to raaain operative at all tisaaa* Hanaa there ciay be periods of
overload and higher straaaaa « atrassas hlgbar ihaii thoaa requirad
for a winlwMK saaandarT- creep (for aaeac^la 1 x 10 /» par hour)*
For this reasoiA most highly str^aaad daaigna are based on eraap and
atraas mature data* 9rant (60)« working on the developnant of alloys
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S 814 14,500 fH
S 590 16,000 )Wl U,000 Ui
9 m 10»U,000 7K
Thus it Ruot bo notod %bafm that i^le deforaatlen
•troM of all ihroo aHojro noiilA te unifont^ landor oqital loa4iBc at a
rolAtivolj low otroaa lovol, S 8l6 and 3 590 i^oiild glvo groator pro-*
taction against failure eausod by ovsrload or stross aeooontration
not only dus to thsir hi^sr rupturo stronf^th, but also thsir
hicbar duetilit/ or ability to dlstributa or relJors stross eoneantra-
tions b^ dafonaation*
Tba short tiim tonsils tast is raalljr the first point of
iha straas rui^turs ourvs, anallar loads ara than ehoaan la ausaaaslaa
to (iirs loxigar rupturo ti»aa* Tha taata aro vaually in the naighbor-
hdod of 200 to 3000 ho«ra b«t tho lansth of tins appears to be a Mitter
of paraonal ehoiee« Ihtt ^tariation of lof. tiioa for ru;/t«ro varoiMi
log stress is plotted in Pigurs 7 as a straigH line at a jriTsa
ta»p««ture» If the strueture of the imtarial ohaafas or the surfaaa
baaonas oorrodoa the slope of the line will ehanga. Tbva there is




)tu «4a«ii Ami C( 1 09t e
M Sm yiJMiol Impm t^am imotxau m luiiaw aiipXXx ••ku iXa le sos'x^i
l|ll#SV4lMNNIM *s**r^^ ^41 ^Mkl'Vnv^ vd h^t^sj^Jit ^^utf^J iRtilm&M^ kiatJa*i
«ts«
low^r i)tr«»!MMi*
tppmlim (22) and Orvi^ (60) highly tvnr th« «tr»M
rupture t««t AS a pwllainMy t««t for ih—rtm alleys Tor th«
taaiing of furth«r propertlaa* Oillett (27) bonww aaintaln*
that iha iMlgprnr or aoglnaar Nqr h« staarsd aMagr frm oatarialA
iiaaablc at lower trtroaa ratas alnoa t(ia stroaa ruptura taat in
affa«i flTaa IziToreailoii tailing what will iMvyan to tha natarlal
undar abaoluta ateia«f laadlng to a ttagraa whXiih would not taa
allowKbla bgr oorraat rtaajjir for long tii^aa aanriaa. Qrani (60)
in tha davalopMoi work prarloual/ cMmtiona4, raMji>k8 that a flaad
%aat for matariala for high taiyaratiga alloya ahouid maibodf tha
followiag four factorai
1« Ability to diaciiaa favorabla or uufaTorabla
properiiaa
2« Ralatiinaly rapid taat tiua*
3* iaprodueibility
4* Sioplieity of apparatua and aaaa of intarpra-
tation of raaulta.
AMordlng to Grant, tha eraap taai if liodtad to streeaaa for ahouft
2^000 hour* whloh %rlXl not {z^roduoa failura during that tioa raquiraa
•oatly axid oritiaal Bwaauraawii aiiulpMaiit and than cloaa not indieata
tha asqpactad Ufa or alongation at falluro* In contrast to thia^
tha atraaa ruptura taat Baawa to fulfill tha four raquir«Miita aboira«
Tha uaaauranaiAa uada In thia taat aro eloni^atlon varaua tina^ alonga-
tion at failura, and ru| t\ira tioa* from tha eunre of tima varaua
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lijU'ssjjM ami VMS l^^
IaK*.^*** exit c»l f»«ci?5'i' -' #*rfw '^Jtlllt
arf^ "^otffli* attfod* s^oUit liwmwqpM^ tfilfi *xdl #tj;*i«i4*» «Ba ^M»i
8#ilL'p«it toEti fifli gci^x^ i^/Il«t toi/frttrrt iorr fiiw t^fsfnif ww9ti CXI#«&
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•liiaC*tion^ a uea8ur« oiT the rdnioua erMp rat« In Um
er««p range la obbain«<i«
Mftchlln and Howlok (49) haw applied the theory of
r«te pnwesees to streea rupture* Lsavixtg o\it the thenaodynaiii»
luQd the isathesiAtice, a brief reauM is givan of their w>Tkm The
•MMsaafxil preoiotion of rt^ure tint md ttet depandanoc an taBpar»»
tvr« for 8 3X6 forf«d« S 816 eaat, aai low-oarbon 9 155 l»t iiorted
provided tim reaaou for their rwrnmrnniin^ that rate-^sroeeaa
atreat-ruptura •ifMtlaaa should be used to interpolate and extn^^olata
•tMt» rupture daAa for different tes^eratures. Thus the mtciber of
•trast rvgiture teata neoeaaaxy to g^ siiffident data for ensineeriai
4t«l#i is radiiaa4« Iba raaoaaaQd&tion ia rade that a plot of log of
rupture tiiua varaiiui atreaa ba UMd Inatead of the log-log plots whidh
t.ave be oil used in the past as dei;d.cted In fijstir* ?• The seel log
plot is n—eaaary in order to obtaiii lata to predict atros»-ruptur«
«% wMltioual temperatures bgr application of the rate process equatloa*
Tiie above paper has recoiTsd orltiaism on several points.
Poxioelei (discussion to 49} ssld that the stress^ruptur* data uaed
•svered onl^ ttirea full log OQreXss and this is too short a tiias to
OTsluate the \Aae of oetd log or log->log plots.
Ivaiio (30) lias indioatod iii the table balow tho ratios of
creep strength to rupture strength for several alloys at 1200 F. and
1500^F, Tlds date would sooa; to indloate that a f&otor of 50!^ nay bo
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bus .1 OuSil 4b axcUji lM<imf9 tol ASyMt^ wniKt^^m os i ^ > qMrto
• 4£-
applied to th« <ixtra]:«lAi«d ruptur* str«r.^h for lOO^OOO hour llf«
io predict torn orevp sirwiffih for a —
o
oiriary r«t« of 1^ for
100,000 hours V 1 X 10 ineh*s per inch p«r hour), knothmr thine
to nottt is tliat thsfls ratio* *|qpsar to itioroase as ths toapora-
turs is ioorsassd*
ff(l^ ^ IWslfW ^^)
a(luO,CXX) hours)
UUe in 10.000 hours)
H(1000 hours)
























(Ru^turs strength for 100,000 tour» «x.trapolated)
Una of ths many annoyiag things about strsss nipturo data
is ths soattor in the results. Svans (30), reviewing data on fifti
ftf the elder Idg^ tSMperattre allo/s, has restarksd tliat ths si>read,
amy eactend as low as 50^ of the ^iAxiasm iralue. Owensy (21) thinks
UiAt laost of the scatter in stress rapture data in the literatiare
has bsMi dus to Yariatiot in agii^ prior to test, variations ia
•henfttal analysis , and variations in testing conditions. Accordingly,
the Kaynes • Stellite Cosapany has undertaken a rather •oiEprehensiTs
pregraii or groups of 64 stress • rupture bars cast fron sin^^Xs
heats. The purpose of this testing procures is to arrive at a ninlBm
ralus of stress^rujAurs so that th« engineer can havo positive data
on which to base hia design. A secondary objective is to detendai
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^lij * I
for th% scAttM* in th« data* Th« quiek failur* of mi
oeeacioaaX buelcet is a x^th«r ••xdous eatter >ix»« on« fraottr^i
buoket aagr ««us« ^r^at dana^a io tha raoalr.dar of tha good buokaia.
A rmry diaireaalx^ sltuatloa aofflfrorrta tha naaliftnar slSMi aftar
tha ona tntey.at i^ioh haa failad pratratural/ otH^ of 45 - 100 buekata
haa baan rapXaaad^ tha wkiaal will uaualXj run tha full sxpaotad
Ufa,
Flgttf* 6 ah0w« a spraad piirpoaalj aavaad by haat traatMBi
vhish oouXd apply to larga alid aoall aaotiona of tha MM* aataidal
watar quanohad frosi tha saoa hardening tasparatiira* Kvnry and )fLlka (iyB)
Kado an attoz^t at a itatiatieal analysia of straaa ruptura data ai
I806^f • Only Xtii eaa*a vara invaatigatad and no aoneluaioiw wart
darivad*
A aomaii Aaariaan conrention ae tnantionad prarioualy for
raportlng oraap atran^th it the Xifdtlng araap streaa fcr a daaignatad
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hamfif>j^^ *% ifHSatta ^m^iiies ttavfvcsp. firf^r* £ «jfc Mifaiitf Jiwelftaaoo
»ft;?u sCJVi iito;";;; *;iti Ic -'! •-. t ,'. .;• »..', .<• ,;,^ ;:•,-.,
BiwSalfiS XHbl « ^4 lev 1^ ^e*!!!^.^f^e
Sitjomfft* Ilt/^ atu lavx --: ...j ^^aAujiri amk sac
» ij/^i"?i i-'>
ftO^, (cXeUOi'P-'^'"' " '"•'"' '" r-,..r,.»»5 ri«oll«(fiRA COBSSEfOO A
«• O^ "
IhIwi (—pndftfy) strftln r«to« 9uffp<M t^uit th« iisdtliit
•rmp ttr— 1« 1^ for 10^000 hovn (O.QOOK p«r how). TMs
if iwt niMfiirlXy a suitahl* 4Mdl4pB ttrvM *• Ui« lir«
cqw«t«nigr Abort X400°P at th« liadting cnMp str««0 lay b«
!••« then » }<wir (•pfradaaUly 3700 hours), kvmrf (^) bat
nwiMTtod ttmt 9««ti«r teuMto for UsdtiDg croop strow aii4 for
1000 hour ruptinv ttroM fr«<|Uonilx ororlap wlMai pIoti«4
•CMJitt twni>riittro»
i twgf aoiiv«ni«Rt iMj to plot oro^ and strata ruptur*
4aAM la to 4o tha plotiiag oo «• ffmph aa ahoia la Flgura 8«
tilfifuaa It 1» decired to know tha straaa that vUl pm&kum OJS
eraap in 3J9QO laoura at X6CX!^?« T^ta atraae for thaaa aondLtiaM
would b« givan 1if point P^ and than followlfif horiientallj aaroaa
to tha fractura tJjia llna for 1600^ to point 9 «um! than dnm ia
tha tlna aaala, tha tlna whan tha daalgnatad rata of oraap wLU.
jpffadmt failvtra la oHainad*
A raaant papar Iqr ^3«uat and Bueklln (135) doaa auah to
alarif^ in tha nannar of raadiog a daolaian on aoma of tha pointa
prarioualjr diaauasrad with rvgard to tiia 8traaa«-r^t«ra taat* la
partiaular that abova {lapor la aenaamad with axtrapolatloa of
atraaa ruf^tura data* Qr&nt an4 Baakliji Mida a groat saakar of
airaaa nij^tura taata oa S 590 at taat tanparaturaa of 120Gl'^to
1900^^ mA on 9-^Xd at taat taei}?arat\traa of ISHXP to 1500^. Tttmm
rupttira taata had ni^sttira tioaa of 0*001 houra (3 aaaoadi) ta
- 27-




















































26fCXX) hours* Ooi^iosltional and hsat tr««ta»nt variithlss w«r«
k»pt to a BtlnisttBH. The heat treatljig sch«duX«8 for tb»8« alloyB
w«re as foliowst
3-590 Solution treat 2275**? for 1 hour, i«st .
For all tssts at I200^F through UOO F, a^e U is 24
hours at 1400°F*
P«>r tests at l^OO^F, age 16 to aL hours at l^XfF.
For Usts at 1600^K through 190(rF, age U to 21^ hows
at 1350® F.
S«dU Solution treat 2350®? for 1 hour, water qoMSli
For aU tests at 1200® through UOO®F, ago 16 to 24
hours at 1400®F«
Tor all tests at 1500^F, age 16 to 24 hours at 1500^.
Flguro 9 shows the plot of log stress rersus log rupture tlas
for S-590 at tesqwratures 1200®, 1500®, and 1900®F. Figure 10 shows
ths plot of stress versus log tine for S-590 at the saas iMmsisiures,
It Mgr be noted on ths log - log plot Figure 9 that the data do not
percdt drvMiag unlimited straight lines, Oraiit snphasiseo the point
that the distinct breaks in the log-log plots should not be interpreted
to indioate a physical or driecrlcal ehange whieh is sharpljr discontinuous
but rather a change of ph/sieal or ohobioal nature wtiioh has reaehed
its ttsxiwyin rate of change. These iastabilitj points depend on tlnOf
tottperature, and strain rate and vmiy be plotted to predict instabili*
ties at other teoperatures*
9j nsans of three plots
1. S}ctrapolation of instability points log tiae
Zm Slope of straight line portions log slope degrees
fftNB horizontal versus tSBipsratijre •
4S: oi iX f^i« ^^ OCMI i<fe<Knri^ '^^bSil i ii* to^
witrod 4Si •i ^l n* «rwi liyMVft^ H°b(^ #« Wm^ yoH
#Mi 9b s^ab wJi iMdii 9 •'m^JH MXq t^^^ • id MUt' no teJon til x*^ il
itUoq 9M MciSAfqwi 4hvi0 •••oil M^gXtnH im3Mmllm yiimrlb ij;en8|^;
^
f
3« Pl0t of log BtrMs for lO^OOO hour rupiur*
•if «ictrapoXat«d «triU.Kht lin* cunrM wrtus
1^ uftlng two of the thr«e curv«s nsntion^d aboTt it is
poMibI* to coniitruct th« pr«iiet«d eunro shorn on figyw 9
(dottsd lino at X900F)* Th« uiit»«4 eiunm aboirs aajr be lUMd as
a shsek on tlis data flfortts obtainsd froa ths other two currss.
Ths prsdietsd ourrs shoira fairly good agrsiwiit vith tha axparizaantal
eiinra*
In XooklQf at tha plot of strasa varetig log ruptiara Ufa
Flgura 10, it ia saan that b^rond a oertain point • tins « strasa -
ia^avmturs * a aontinuoxis eurva bast fits ths data* Thia infomatlaB
t«gathar with an atta&pt to axtrapolata (taatparatxira wiaa) eitrras
aaaording to Ute rata thaory aqtiation of Ifowiak and Xaahlin diaeusaad
aarliar shows that rupture data should not ba interpolated or sattra*
polatad through the use of reastion rate equations* Turthemore,
beyond a eivtain point In strees - tijMi - tea^erature^ stress versus
log rupture tine aan not be plotted as a straight line*
Xa ]>lets of "true creep elengatioB (first stags plxis second
staga) versus tins Grant has sliown that this "true elongation" decreases
with Inareaaing rupture tine or deereasing strain rate, whereas the
total elongation tmy or stay not* This first sta^ plus second stage
duatiXity is >^mt is ispertant to dasignera, since beyond the aeoond
stage of caraap toleraneas may be eKcaadad or failure nay occur ia
a rery short tirae*
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Figiaro 11 • Plot of typical croop rolaxaticm • (JO).
Bolte for high tsr^rftture (Ktrvlce are glT«n the creep
relaxation ieet« In this test the deeii^ner ie intoreated in findinf
out how qnitldi^' and to irtiat extent the initial elaetie strain is
domrerted to penwoent plairtie strain. The residual elastic atraia
ia what keeps the bolt U.ghi« If the residual elastic strain
falla below the Mnlwtim dMlgn fifpirey the joint will leak* In
enjuiditng the test a plot of strain versus ti»e is sttde in which a
speeiiam of the alloy to be tested at a giTsn tesip«rfttur« reeeiTSC
a series of loads irtdeh are decreased everytiiae a predetensined
oonstant strain is reaitMNi* This strain oorrvsponds to the initial
boltini; stdrees to whiah the stud will be ^pulled up" at reon tss^jsre
tiire. Figure 11 illustrates the foregoing. In order to oaleulate the
residual or relaxation stress whish will rsisain in the bolt at tesijera*
txu*e after aagr given tiae period* the Ix^aritlw of the seoondarjr orMp
rats is plotted rvrmia the logarithm of the stress* A straight line
is obtained and then ligr aeans of a farmila dereloped bgr lobinsoa,
the relaxation stress mi^ be oaleulated (30) •
n ••
\ „, ^
\ (n - 1) r Bt
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^as^
r1 niirf^ft D^iiAle £«i*lni »rfc> ^a9h» iiwtr «># frfw
«l«%ta 0^^«jil» lAtri}ii9*i eH^t II »ii(aii HoiS «ii e<{*«f iidir «1
III JU9l tkht iniof. srfct .t>%r%Jl ogiMll MBlsJb stfi trofsd nSls.\
mail izfitlrz^ I •8<#%tar «<# lo lorf^JNss^oI Mfi us/wwv h^^la al a^fi
^ntwffifrfqa 191 smioilmmti jXobrci a i« Muaet xt< Ji*<tj bos to&Ui^cto ui
«» ©c •
3 rosidxMil 8tr«sft in pal
a aXoiHi of leg •trees * log creep rate plot
b elattio retle ef oTsten (10)
• mwinal etrees te ceuMyOreep rate r*
r aoMlAal creep rate, 10 laAn/hr.
8 IioiBig*a aodulua at teapet'ature, obtained
troBi elope of atreea k
t tlafe Ter reeldual atreea^ houra*
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As MM «tat«(t At ih« out8«t ih«rtt Ic oo M4«hIi0hM
thttfy an or««p tad streM n;^tur«« Ustutlljr tbtp« 1« not
•urriolwit daiA of th« pf«p«r kind te •«^taitantia!t« « th»affy»
MMt of the iadetent clatA it «rMp 4ai« or tir«M r^ium dai*
p«r ••• Thfli c:«Ud» «ad aUo/s hair* not bMn t««t«d with tfaa
14MI of doteraltdjig jt»t i«hat th« w&p t«st and atroM ni(>tur«
to«t i« or <iBO«» but with tho idoa of fladln^ out ttm Unltliig
oroop stross or rupttvo life of a ptrtlouXar notal or all^ aft
a partloular t«Kporaturo* Attompta to fit mAtMMitieal fovmXm
to data obtainad fTon thaao taata ajppaar to )mi of not nich utility
principaJLljr on tho point aada abow that th«r« it inouffieiont datai
9ha faet that straoNatrainf tliM, and tmraratxra oat ba aonsid-
»rii nlmulXsamo'iMly in dlaatuMdJtg laaiariala at nigh tfltiparatvam is
probably iha big datarrant to tha woailng of data. Tha graai
Bobar of teste run bjr Orvit i&d ioeklin (135) ^<«r« on only taa
alloja 9 590 and S <S16« fba partioular finding! on inatabUltx
points la this papar rafor to S 5^ md 9 816* Miathar fhmtmmmm
obaarvad in "mira* Urn imltUig point ratals is appliaabla to tha
anltl-pbaisad jps^aiplta^lan ^«rdanisd bifb taoparatura alloys, r tws i si
to ba aaan aa atuiias of atrvtatura art corralAtad idth tha araap
and atraas raetnga taat. BaitajNDLaaa of tha state of tha thaory
t&otij(bf th« craap tast and straaa ru^i«*a bast ora rarj vaiuaUbt





ItaHiitioHS In atmoturtt of a iMi«l or alio/ eatuM
variation in T^v8J.cal prottartiaa. Chaa^a in oTTstal struatiiray
volutiQa ana iwaj^ooeoga of |:araoipitatas at alaTatacl ua&paaraturaa^
praoipitation of isinuta jArtielae at Xovmnt tae^raturaa^ t/pioaX
eaat or wrought typaa of struetiura, grmpbltiaatiao of nu^nm
grain orientation, and ^rain aisa ara aosaa of tha faotors v^oh
inaj ba dlaeuaaad undar tha %road tana "atnieVur*." X-^ajr dif fra*->
tian and rjataXIofrafkhie aacasdnation are tha principal Baam af
•tii4yiac atruatural Tariations, tl-iere is mwb writian in tht
litaratura ragarding tha ralativa lu^arita of caat and wrou^i^
itatarials for gaa turbina bladaa. Hanry (7) haa ranartoid that tha
^bi^lm^r* daaialon as to nhathar a wrou^t or a aaat part will ba
uaad ia iaflwan^ad I9- a ntstbar of faetora in addition to tha
priBiary aoarjmriaan of phyaioal propartiaa. Suah faatora as prodii»»
tion apaad^ oeat, ntmbar of raiaotiona, rajanMlaaibilitj, and
inharant aasa ar dlffieult^ of fnpaaasilag nwt ba aonaidarad. Thaaa
laat naaad faatora ara aaonosda in nattira and ara not diaeiiaaad Ixs
thia raport* In fact tha priaary raaaan for diaeuaaing struatura at
all ia to show tha affa«t of airuetura with ratgard to tha varioitf
Btaohoniaal tasta.
Craaa and SHamum (47) working with 46 diffarant alloya
of Cr * Hi * Fa, Or - Ni > Oo > Pa, Co - Cr, and Co - Cf - Ni famiUas




'M-f- l'^' -^ '•' : - .; .^Oii':';...
^••sMa . iU. >*».
^90%tf4*n»<im-j km^Hm- -
tjSiAf.w^^ -.-L*'i/;5ji*»^-
.' ;i* i..-.- ,*ii f
-^A<^tllt -VMS!..? »,ffir»ii^lMff^* jfl»iK^ b^t-flerf i«ii -
r».A 'T'.i .'.aj''.
at«ri«lsi
!• ThM east aUoj* of the Co-Or «nd Co - Cr • IH b^a*
typ« show b«tt«r strttse ru);!ture strength than Um
i«reught alloTS at th« hijiher t«B^raturM»
2« TIm btttm* foris«d alloy* aa a group had bottor oraop
roaiatanea than tha oaat alloya naar 1350^*
3* Caat alloya ahowod lownr ia^prntt raaiatanea at both rooB
taiq^aratura and ai 130Tf than wreugbt allogm*
4« Caat aobalt • baao alXo/a ahew oonalatantljr battar
atrosa m{irt;ira propartlaa, than wrai^iht aobalV-baaa
alioya. Aitfaaai^ aast oobalt -> baaa alloya ara rafarrad
to aa ralatlYoljr brittla alloya at rea tMiparatura,
turbina buekata of thla luatarlal hav« baaa Ibbmi to b«nd
rathar than ru^ off ^Aimx rubbing eontaot oaearrad diirlng
aarrlaa teat at oparating taaiparatura*
Tha abova atatananta i^robably tof aubjaot to tha partieiw
lar influanaaa af naltincj aaating« working^ and haat treating
ariablaa* Thua thaaa atatattanta aan not ba uaad aa hard and faat
rulea^ but da aupply eooe uaaful inforKtatlon* In other %iorda for
a plant operating un<iar a fixed sat of proeaaaing variablae^ aachani*
aal taata would \\m to be aonduotad en the reapeetiTs forged and
aaat aateriala to ba poaitive about whieh haa tha battar prapartlaa*
for aoEanpla^ there were aaveral agiz^ and haat treating traaV-
Hits applied to tha alloya above (47) • Tha wrought alloja ahowad
beat atraaa rupture and creep valuaa whan tested in the solution *
treated and agad aendition rather than in tha aa - forged or aa •
rolled and agad aendition* Hasting fron 30 ninutea to 4 haura at
2150 to ^300 f affeetad aolutlon of praoipltatad phaaea*
prevented preeipitation of theae carbides or interantallie
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M«tf li «• to •- dO tea '«»>i«fl $i^'f6'itt^riE ,^£.' arfr .i
4[«Mt *s*^^«tf bad qvo^ « o« trf/^Ss b^igr
• HfoJLX* Ml^ievw iMiil t^MX ^ bos «i»<»fMf»«^
intiwli iMitwiiK i»aJiwe jwttfilff'i Mdn *t%« qpit JMi# iMt^Un
IibI bus tt^t' oje tQ»(r ««d ^Nan nno •iii«(i«iAi« MHiiitf MiilT •t«i<f£ . .
•laufMM ttiLCtf«>!U»r |iifcUa»»«ii^ %« Jwi &«aal « ^tduvr yii<4#ait*tio ^euiiq a
iaui l>«^ol •vi.tMK{ft«^ arii no balacriMnw ad o# ««»rf bli>'<9« ei«ai X»a
»4—^ yililtto^^ ^aad boa iMsva jtavmraa vtaw Qtarf4 «aXqaMM la^
btmoti^ vfoiXa irf:*,^!*^ arJT .(TiJ) «iro«f» e^oX/a «mI# •# haJti^p^ a^saca
• aa *se bas^ol - «a ad^ nl otcti tmiSat nogt^lbnaa baaa boa b«iia»*z<f
ta afwoff 4 »* a«>;' t?^ «yiii»afl[ .. -i
.laiMafta*!.,' ^"i»tii.i.vi i^^3»^.:.'^Juffrvi io fioJM&tXcia bai^aalla 1 w^i-^
«abitEfoqe9»a oXXXa^arTVairU ^a aabi#t«9 vaacfi ta iiaiia;^!
Aging at 1350 to 160QP produced pr«olpit«tlon in a fin* dispersion
t^i«h on tasting indio«t«d insroas* in higfc twnpomtxirs strsngth*
Tho high t—psr«turo solution trostnsnt and aging for thos« alloja
not loidsvtoiag pbass transformations reetiltod in twmaKTabljr
ooarssr grain sias« inersas^d strwngth, and lowerod ductility,
Bardnass x9*asur«BSBis aftar various aging tisjas indisatad thai
aftar 50 \\o\xr9 of sging thara was little shaafi in hardneaa.
Aeeordingljr, all test spaainans were agad 50 hovrs at the intended
test tenperatur* in ordw to have alloj str\tatvra and propertiaa
that woiild exist after the alio/ had been in serviae for a tiat.
These 46 different alloys of the Cr * Hi » F; Ct - Hi - Co > Pe,
Co « Cr, and Co - Cir - Vi fa^liee (47) all age in the tei^ratur*
range 1350 * l600(F« 3oRetiaaa ite aging effeet is Tsry narked* fmr
axaople vitalliwi md alloj 61 after being aged at 13 50*^? prior ta
testing had yield strengiha at 1000 and 1200F almost deubls thoaa
in the as oast state. Ck>rdon (52), Seott and Gordon (110) , OobULa (54)#
Foley (67), Grant (75) (76) (60), and Henry (12) are a few of tiM
inrestigatora idM have written papers in wldiA aging ani praaipit*-
tion effeeta are proainently diseuseed* With refenmoe to iron base
SAterials Dobkin (54) has said that the carbide fondng elaswxti
elevated taaperature strength by foxvatien of a seaend precipitating
•asyaand after hig)) taaperature iitun oaxjised iron aarbides to eoalesaa
to a degree in which they are no longer rvrf effeetive as a hardener*
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Th«a« tecond pr»qiplt«iijQ( earbld»« rngglmmnXm 9lowXj •wn at
tifwiiir— up ie XMOPf aiHl thu rvBaia Mill, tmrnmnnm, n4
mry •ffaetlv* mm a hardening dispersion at hi^ t«qMratur««»
OeMdn atai^ that fvurthar proof of tha fatt that it is tha earbidss
of thas« alanonis itthL^h produt tha raaiatanaa to aotfiaoing ia,
that without tha praaanoa of suffieiant carbon^ a eonaiderataly
p>aatar proportion of dissolrad hi|^ tSHparatxira atrang^Mitiiif
alaaNnts is naeaasar7 to produea siirlXar araap raaiatanaa,
Of—t (76) haa notad, in alloy 28 7--0 that aftar a aolutlas
traatnaat at 2J00f had diasolvad aXl of tha c^waiva earbidM, tha
acing aonatituant %fas my unifonBl;:^ diatributad tllro^^^o^]t tha
grain, and thara ia a nan aontintioxta agglamaratioa of a phaa*
(tmidentlfiad) at tha grain botmdary. Air eooling from 2300 f eauaaa
an axtranaly haavy grain taevMdarjr praeipitata and laaa ductilil|r
than aboTa by fumaaa oooling. Tha fact that a twn^nm eool gaw
tha optinai stmet^ira in alloy TBIf^ is at odds vith tha ganaral
athod of haat treatntnt in aga hardening* Biadar (20), for aocanpla,
haa aotad that tha rata of aooling aftar solution haat trsat—at
aontrola tha diatribvrtion of tha praeipitata with respeet ta graift
areas and grain boundaries* Aeeordlngly, the rate of oooXii^s iriiettld
be as rapid as possible to guard against axoeaalTa j»reeipitate fonaing
at the grain beuMlaries* Alao the temperature of forrmtion of tha
preoipitata loflueneea tha sisa of tha partiolao of preoipitate due
to relative ratea of nuoleation and growth* This oaae, than, of
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o II VD. rupture life.
o G VD, rupture life,
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Figure 15» Relationcliip botvraon -tJio structural eloncnto of
alloyo lOOV? 2-2 and rvipture propertioc at ^O^OC^
poi and l^OOF* (77),
at T«0 aod •••ral of th« other vltallltaM la on* of tb«
iBAny anoifiali«« appearing in the high teaiperat«re alloys whlota
Bate it rather <iiffieult to loalce general atateamnts of viniTereal
application* figur* 12 (76) illustrmtes the deareaae in duetilitx
—owynying an inareaee in rupture strength as a function of
solution teii^;>erature« At 2200 f it mm noted lajr aierosoopic
studies that the carbides had be^m partially taken into soluticm
and the aging oonstituent is distributed saore unifondy throughout
the matrix*
Aging for 10 hours at 1390 F decreases the duetilit/
i% elongatioa) of the vitalliaB • tjpm ailojs as set<srei to as
cast pro])erties« (60) It Mould seen that the hot or cold tensile
test does not indieate a very inqportant fi<easure of duetilitjr ainec
the inpertant factor is the rate of decrease of duotilitj wltli
tistt* With the stress rupture test, the aging effects of decreased
ductility is shown \ty smking % elongation oeasiarmBsnts during the
progress of the test* Grant and Imm (75) working on four alloys of
Tarying coiupositions which are given below fer comparison found that
all four alloys^ as cast, ocntain at least 3 of what appear to be
4 distinct pttasesi
1* The continuous phase ( a face - centered Cubic and
or hexagonal structure, called austenite)*
2* A globular or dendritic i&aterial referred te as a
carbide*
3^.Tmo reeaining constituents, present in noefa flsaller
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Alloye
C iJl^iMiCrCgii^WTara
25 7-0 0725 1.0 15 « "
45 H-6 .45 1.0 32 26 33 6
lOOKT-2 X,0 1.5 0.5 30 20 20 3 2.2 2 Bal.
IU\rr2-^ 1.1 23 67 6 2
In tha tMO low oarbon alloys abow, znaasiva carbidaa ocmatituita
only a mall araa of aajr oroaa seetion and do not fom a oo^^lat*
path through tha •iruotura. Hor« the agiaf benefits in^rted to
tho so oallod "auotenitlo" E^trlx as shown bjr stress rupture and
creep tests were large. In the aboTe alloja^ the firet definite
preoipitato notioed ooourred at 1350P. Maxiwuc rate of aglag la
tho two low carbon alloys was at 1550 - 1600 F and in the two high
carbon alloys at 1600 « 1700 F. Ai^locieration of the preoipitato
began at 1700 F. kt 2100 - 2200 F aliaost aU of the preoipitato
was baok in soltrtiMi. The earbidos were observed to have a aolting
point slightly lower than the rest of the alley. The surprising
result of the abore irivootigation is the discovery that alloys
differing so siaoh in oomposition (C .25 • l.l^t, Co 20 - 66%) behsTO
oo MMh ali)». Iron oeourrod in inpurity amounts to 20%^ Tet the tea^ra-
tures for an aging preoipltate to foru and go baok in solution wore
Tsry elose.
Strain hardening has an aeeeleratlng effect on prodlpitatioB
of phaeee froxi; solid solution. Thus if an alloy is in a supersaturated
eondition, strain hardening brings about precipitation at teaporatures
-3«*
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where the influiaiMw of th« pr#elpit4it« on —«<Mint—1 proptrti«s
would nonaally bo ineffeetlT* bseftus* of th» slow rate of precipi-
tation*
With oortAln high ehrocdwi atoola, a hartf, tarittla, ani
noxk-Bagiittia <maatitiMnt eallad tha al^Mi phMw of tha ganaral
formula FaCr, but hairing a ba-oad composition ranga, tanda to fom
in tha farrlt« of thaaa ataala ^rt-ien tha ataels ara haatad for a
tlM in tha tMkparAtura raoga 925 - 1750P. (67) (12) (U6). Tha
forsoation of this oonatituwcit in appreeiabla anoxmta eauaaa tm
alloy ataal to loae its duetility to an extant that vmj i«aka tha
steal unsuitable for a partleular applieation* Other manifeatA-
tiono of the Migprn phaae ara inoreaae in hardenini^ and deereaaa
in notch reaistanee*
ln«t«bllit7 points are the nanae ^rmn to tha breaks in
tha straight llnm relationship of the plot of log straas rvmvM
log tiiae in Fi£ura 9* Orant (135) remarks that theaa instabilitias
naj result froK one or r»ro of tha follo>dng proceaaaat (135)
!•"Change from tjpieal low tenperature tjjm defomatioa
to hl|^ tanqparature typa defomation* This la
evldenead by the ehans* fror^ alip flow, strain
hardening^ and transcrjatalUna failure to aaaentiall/
allploas flow, annealing, and IntererTstallinc fraoturt
2«Qxidation and eorvoalan
3»Oreragingt •^EllMMiz'ation, and resoliition of a praalyitate*
4*0ther atruotural changes suoh as raarTstalliaation, with
or without grain growth*
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Figure I5. S-090, ruptured after 29,9 hours at 60,000psi and
1200F* Intercryateillino fracture. Elocbolytic
oniDonium hydrosido etdi* 2^0K.„ (155)
Bj iJLoroscoplMXl/ «uudnln£ fraeturod sp«olaMis« Orani (135)
tmmA tluit «i mi^ttiro tismn iiK«diat«l^ to tha riCht of AC a failuir*
vhioh tMigin* at a grain botmdwy diulniBhss the cross ssctloa of
ths t«st bsTy iiicraasing ths stress sml strain rats^ and thsrslqr
causing ths rmmiadimr of ths bar to fall in a trans«r7stalliji«
naansr* AesordlR£ to Grant tlds i&lgkt uskm it ai^ar that ths
failitrs was tnuissrTStallinSf bttt ths prsssnss of frsqusnt sraia
boundary orasks at ths surfaos of ths spsoiam in thsss instaziess
indLcatss ths transition to high t«&psraturs tyjm (grain bo^mdar/}
ot dsfortation and failurs* Pigurs 14 and Flgurs 15 illustrats
traasorjrstallins failurs at a rupture tltas to ths Isft of AC mi
intsrcrjretallins failure at a rupturs tljos to ths right of AC ob
flgurs 9* Ths sscond ssriss of brsaks in ths 9Mrr—, of whioh onlj
two brsakty K and I, are shewft^ is attributsd to ths start of orsraging.
is in ths oass of the breaks at AC, ths brsaka MP srs shifted tm
shortsr tlrass irith inereasing teaqjsrat'jre* (F at 1900^7 to ths Isfi
of M at 1500^P.)
Ths third set of brsaka Indicatsd kgr point T at 1900 F, frsM
an sxaoination of tns aJLcrostructvre of failsd bars« is probablj dm
to several factors* Oxidation is st^iowing its offset « Osearburisatisa
is noted at intsrsrystallins craeks*
Badftr «iid Swssnqr (45) have suggsstsd ths 4svil npmt& of an
allojr iffhieh would not exidbit sens of ths problsns dus to aging that
have bean described above.
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Thwro ar« 9mm structure in cartimk tmd low &II07 at««Ii
that hAV« Mt bMa fYalljr 14MiUfl«tf (6S)« It U aMai «Dn<tar
Umm that tlM jpi*««lpltat«4 MsiwUBda in tte kifk twanratura aatals
iMnra not bMn fvdly <l«tamixt«4« M«tallogr&!>hi€ •wmrtnatl.an of !«%
mtal aivf«••• ia pro»>»ltm aa a raa«It of tlM Imlldlag of apaeial
»i«r»a0opMi« Inataad of tha aaaaatial optioal awiynaHla of tha
objoctlra being lanaaa, thaao aoMpaoviia aro uirrora (74)* TIm
raal inaga of tha atdijaat ia pro>«t«4 an tha ata^a of tlM
mleroaeopa (?0) • Xn thia Kajr, tha o^Meal aTVtaai aagr ba pre4.aeta4
froK. radiation froB Uia matarial being arantnad fegr mtnring tha optiaal
ayitoQ to a ^raatar dlatania fpaai tha auhjaet* Lon^; haatiflg rmm aatt
ba aaaianaici into a abort r«riod of tiia» of viaidi^t Igr takiag aaiiaft
{daturaa and than mnnlag the TUm. throa^ tha i^ro^ctor at varying
•paa4a (70)*
X*1U^ aMitho<la hava baan uaad and ara baing uaad to studjr
atruatur«iof Uia high tamparatura alloya* Tha aryatal atruaturaa af
XO wrou^)it haat raaiating allays at aiavatad tMcparatvras hava
baan ttrnparmd vlth thair er^^atal structura at rooM t«aparatura \jf
i* H« KittaX (^9)* Tha alXoya atudiad \f/ aaaaa of a Oai^ar - aountar
X«"lajr apaatranatar Modiflad for M^i tanparature una wara S-8I6,
5-590« HaaUUoy B^ 19-9 ^-^t N*>155, X6-25«6» %M^2^, InoanaX X«
Kisiofiie BOf and %fp^ ykl at&inlaas staaX. AXX of tha abo«« allojra for
ayaapla^ aiaapt X9*9 W-Ma rataiaad thair rooc taatparai^ur* oryatal
atmotura ujp to a tai^jaratura of XiiUO FX X9->9 ^V>o tranafonnad froa
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a twt phaM Blxturt of B. C* C. an4 F. C. C* to t aln^ phas*
of f • C. C. belMMti th« t«Bp«rati3r«a of 1400 - IkSOf* Tharaal
illation studies tfora nada up to 2X50 f on thaae allocs* Moot
of tho allo;'« aliowA discontlnidtiaa aacribabia to a pliaaa ahaaga.
1^ Mnaa of tha X-ilay diffraotion apparatus in conjunatioa
idth a ML'^BT • HuXlar eountar inilLoatad aboya^ it ia poaaibla ta
dateei phaaa ehanfaa taklztf plaaa in a tima of ona aaoond (66)*
Raaantly an I-Say diffraction inraatigation waa na^ of
tba adaor |^»aaaa of 20 hlfb iiM^>aratura alloys (65). th« idanti-
fieation of thaaa siaar phasaa in an alloy is important in datandniaf
tha distribution of tha alaiMita of tha alloy aaoog tha phases sinea
kttowladga of tna aiaanar in which a apaeifia alaaint ia distributed
aseni; tha r&rioua phasM of an alloy will aid in tha araluAtion of
tha funotior. of that clamant in tha alloy. This inforsMtion would
alao halp in selaoting tha paroantai^a of an alaaant raqiorad ia a
new alloy containing tha a«usa typaa« but not tha saiaa quastitias
of minor phaaaa*
Xn thia workf tha alnor phases vara ocmaanirctad hgr alaatro*
lytioally digaating tha alloy in a bath of a raagant that salactiTalj
dissolvas tha caatrix. Tlia residua dapoaited on the bottani of the
bath ia highly concaatrated in e^dot phases* If sererai ayesTcnn of
an alloy ara subjected to electrolytic attack hgr different reagents
,
each reagent will diasolve the tlloy jtiaaea in varying aaoiinta or
proportions. Sinoa tiiasa ptukn^a ^xeaeni were unkoowi, 12 reagania
-42-
04? >' i ,*V ''.''I*
.t
• £^ -
irere used In an effort to ooncentrato •Aoh of %bm ndnor pbusM
&• a reeldus in at leaat one reagent* Bjr a eompapiaoQ of the
patteme of the several reciduae obtaio«d, it was possible to
identify the phase tagr the preienee of its x:ii,erferenoe xxrtes*
In this mancmr the foXlo>rin£ lainor piuMNM lisre detendnsdt
CbC, ChK, Tic, TxN, Or^, C-, >^23^£,» and Ho/^C. Ul residues
were not ideatified* liHeh %iork reoaias tc be <lons in this
field*
Usually- the ductility (f elongation) of a fins graizisd
Kateri*! is sui^terior to U>at of the eoarse grained cAterial
regardlsss of tlus of testing* (11)* With rsgard to crssp strwigUi
and stress rui^t\xr« strsagih though, the ooarse graiiMd rmtsrial
lisualljr shows hlKher valuss than the finer grained* Clark aad
PreeasB (76) found that soars* grained 1^*12 Gh, 25 Cr - 20 Ri, and
25 Cr - 12 Hi \nr^ aaith strot^er thsn their fins grained cotmtsr-
parts* Grant (60) has said, as a result of Uie easKiBatlon of oount*
less failtu^s wnd near fallttrss^ that rupturss ean origlaats inter*
nalljr or at the surfaoe* Initiall/, it is olaii^isd, all failvrss
start at the j[;rala ttoundary above a certain teEiperatiu*e* Thus the
less grain boundary £>aterlal there is^ the less is the probability
of the initiation of failure*
Grant (77) &«ds a stu4y of the relationship between ths
rupture properties and ths struot^jral eleioents in alloys of ths
Co «» Cr -* Mo - Ta system* Ttie »iesh nwabor and the groin siiee of the
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urioua sf<«olmtns wtv cl«t«rrJjn«d» Kesh nunber is t«iki»n as tYsm
waAmr of OArbids intsrsttotloiis at a oagnlfieatlon of 40QK itfith
a <7;ags liKisth in a ederometsr •jrspisee of 0«CN^ ineh. Tb* ma^sr
of earbids int«rs«etioas with th« gag* Isngth is countad in seTsral
diffarant direetiona. Wide diffaranoas in naah nvnber aan ba
obt&inad dapttfiding on grain orientation and tha maau&r of cutting
through a partietOLar dandrita. Figure 13 illustrataa tha ralatioA*
aliip betwa«i grain aiaa aad aaah nunbar and tha i>^tura propertiaa
of aUo7 100 VT 2^ at 30,000 pai and 1500 P. If tha EMXLmm hH
duetillty {$%) is daairad for a partioular applio&tion, it ia
noted that 200 tioura n^^ture life maj ba attained with thia duetilitjr
at 30,000 pai and at a temperature of 1500 P« To get theae propertiea,
then, in a i," dUu&atar teat seation (for whieh the gr^ph was plotted)
it ia naoeasary to haw 19 earbida interaeatioaa par unit of gaga
length with about 16 graina in the entire section. There are a
nuHbar of thinga to be careful of wh«i eraluating tha above work.
Grant MMntiona that tb* %iDrk involTad only wnalX seetiona where tha
naaa of the jcoetal is amall in eox^^parison to the naas of the refractor/
material of the siold* There are no aones of colucanar crystals ^diieh
gire way to equiaiced crystals at tha aanter of the apeeioan aa ligbfc
be noted in large sections* Round aylindris&l speciinena and inoldi
were used* Swaenay (21) aaongat others haa r«r<arked that grain sisa
and grain Mriantationa in a east tiirbina blade are avah different thas
in a round speeiioKi. Croas and Sissnona (47) tested dianond<Hihapad
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p«oiMiit with slMUpp •Agm tad this M«tion« appr«iKin*tii^[ those la
a turbine biusket* TTt« diatoozKi ahaptd speeiMms showMl rupture
preperties in the low portion of the range shown bgr tte
teet epeeiaens*
Qrant further reBtrka that the oaterlaXs used were 2 or 3
phaae allo/s* Irfhat the effeet of aingle phase naierial would be
is not knoMiia
Althoufl^ a soarse grained naterial is desirable for great
strsofUi at high temperatures 4»e to having least grain boundarx
srM» grain orientation bsosics a irwy Inportant faetor* Grant (42)
by raising the te^)erature of the iuoltsn netal and the tenperature
of the mXA ssreral hundred degrees east t^ 1% C Titalliiai spssiostt
in wliish any oross section of ths «250 lash diaastsr speoiiasn was a
single grain • A partieular speoinMi gave a rupture life of 1500 hours
at 30,000 iMi and 1500 F. Other speeiawns east undsr the sans oondltioot
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•howtd rupture tisMs of IBO - 300 hours. Ths t^rain orientation
of th« 1500 hour spofilAHi IM« IdMd wh«r«Mi the ot^l•r burs had
||f«ln orlentatione vhleh pereltt^ci early failure alone the grain
hvmOagj «t angles approaehing k^ due to shear stresses. Sino«
the eontrol of grain ori«itation is strietlsr a fiinetion of probabilitj^
(Irant (i»2) (77) ressisnds 12 to I6 grains per i" tross section
for 1% C vitallium alloys in order to get sob* reprodueibilitj in
stress rupture properties* In the oase of 12 or I6 grains per i"
evoss «• seotion onl/ lA^ or lA^ ot ihs total strength or weakness
is due to a perfectly oriented or poorly oriented grain*
It is difficult to «?mluat« the effect of a particxilar
alloying elenent per se on mechanical properties of an alloy unless the
simcture of the siaterial resudns essentially the sane before and
after the incorporation of the particular laetal into the alloy*
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This is to Miy that perhaps a jifcaM ahanca or ppMlpitation
about as a rasult of adding tha c«tal* Therafora tha quaetiaa Mgr
ba addadf "Is tha ineraaaa ar daaraaaa in tbt aaehanioal proparty
dua to tha phaaa oliaaga or pvaaipltation or to tfea inharaal
alloTlog affaat of tha natal additioa?" This quaation najr rasiHlj
ba anawarad for staala tastad at voox, tsftjparatw* bj xiaijqg anotbar
alloyiog alaiunt nhicn aaooispliahaa tha aaaa ahaxiga in struetura*
Usuallj, it Kill ba found that tha atruatura oh&oga la tlia pradosi*
natioK influaoaa oa tha aohanioal propartias althouj[^ Vkm ordar
of nagnituda of tha ahaaga idll ba ralatad to tha pariioular allogr
addition^ and tha anount of tha alio/ addition oaadad to affaat tha
atruotura ehanga will dapand on tha partiaulor alanant* Kararthalaaa,
thara ara aeraral s«!taral statasymta i^iiah wgr ba aada rsgardiag tha
affaat of oartaln alaoanta on straas • ruptura jxrapartiaa, for azaftpla.
Grant {k2) (34) with a alosa eontrol of tha struotiura of tha allojr
haa aotad tha affaat of earban in about $ diffarant allay a/aiaaa and
tha affaat of tantaluci and niekaX up ta fi)( in ritallian allo/a*
Oroas and SisMma (47) hava notad that tha addition of aboufc 20J{
aobalt to Ni > Ci: • 7* allo/s ineraaaaa tha high taaparatiara atrangih
narkadlj ovar Kii - Cr - Fa allo/s withiout aobalt* Grant (42) alaa
notad that aartain aobalt bas« &llo)ra gara highar high iaaparatvora
atraneth than eartain chroalan baaa alloys* In ganmral^ aost inraatigatora
a^praa that cobalt inoraaaaa tha high tanparatura atra^gtli af an alloy*
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No-b©s Figuros at oach point roprooont ;S
oloTjgation in 2 inclios*
I'j,guro l6o Effoct or olimlmBa content on tho 100 hour
rT4)tiiro Btrorv^ti'i of Hi baoo alloyo containing











Figure 17, Effoct of carbon contont on iiio ^0,000 psi rupt^iro
liTo of IIi-Cr-<;o-Fo baoo alloyo at l^OOF. (6o)«
Q«gr (31) ^1*5 aoadu«t«d « surr*/ of XOO liour and 1000 hour
raptttr« sirfixngtha at 1500 P on nlekal baaa alloya in vtXtk
altadBUb, Bol^'b<l«m»9 and «hroaL«i umr* rurimdm Thia papar has
a onnbar of ploia illiiatratlng tha affaet of alJLo/ing alaaianta on
tha atraaa ruptuim atracigth* 7i|!;ura 16 la ooa of t^ioaa plota ahoidng
tha affect of aluninun oontant on tha 100 hour nq;ittira it i angUi of
alloja oontainlog $% afaroadlvi aad 5» 10» or 19)^ walylKtBinw,
In Fifura 13 waa Itidlaatod tha ralAtionahlp bot%«oaa booIi
iiwAai and ruT>ttire strength and umk ntoabar and aloiifatiott* Grant (77)
foMnd Uiat ttia aarlioa oontant (•40 «> 1*209K) dooa aot eontral tfat
oarbido naah apaaiog in Oo * Cr • Mo « Ta alloya^ but oontrola onljr
tha mmm^ and luaaalfooMa of tha e«rbida« With Kl » Sr -> Co • Fa
b*aa alloya^ Grant (60) foixnd a ttralght Hn» ralatlonahip bottwaoa
tha log of tha rupture life a^d peroant of aayboa. In Figure 17 (60)
la aho%m the affoat of earbon eonteat on the 30,000 pal rupture lifo
at 1500 F« The in«reaae in rupture atrwigth idth ineroaae in carboa^
the peak in the rupture atnmgth, and the decreAae in rupture atrengtli
After the peak mvy be eacplalned on the baala of ahangiog atmatttrt
as ahoMBi bgr netallegrap^ie studlea* Aa the aarbon Inereaaea^ the
ratio of voloKo of oarbida etoah to matrix iricreasea. Finally, tbo
earbida naah aaauDMia a large enough {proportion of the volune of tbo
alloy to carry the bulk of the lo«d* At xk eertain oarbon content
tha carbide itMth atmoture boooBtM too naaalve and or oontinuous*
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•di lo MBiXcnr Mfi to
lti»(hi«e AiMHeo al«4hcM» ji ^A •Ini«X m^Jlt "^
B«70iMi this point thm rupiur* ftren^h begins to fall off*
Tho rrj skotehjr trottatsb glTon to struotxaro &bov«
is by oa xb»vxb corrldto. The priruucy purpose of di9cv»tiiig
•trcKturt was to snant tha offsat of struoturu on hi^
pmparbiaa^ partleialarXjr straas rujiftura* KuA work matixm ta
be (k)na in the nannar of son* of tha papara iTVntionod hara* it
tka praaazxt tioa^ txwra is not atm auffloiant a^arinaiital avl
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Figure 18. (77) The offoct of incroaoing oold
prohoat toirijorature on -fclie ^O^OOOpai aiid
15)00F rupturo life and oioziga-tion in alloys
1007T2-C. Orosooo slaovr single grain fracture*.
«

Corxtant mold - ^rariable Ejetal toii^Qratuyo*
^ lJo» of zuoahoa*
e Ilos of grains.
200
lioisro tiO niptur'o«
Firuro 19 • (7?) ^^ rolationship betwoen tlio structural eicn^iits
'^
of alloys 100irr2-2 (as doteminod l^ -yariations in tho
dotal pourins toripGraturo ) and tho rupture propartioo
at pO,000 poi and l^OOPe
Xa thtt ^Miction on atruottur* aotm taxation iia* btm
about Uui JLnriuMostt of imLtiag and niatlT^ varlablaa «u tha
adorostruotur* and aoa—guantl^ oti ifaa pt^gn^Laal pro{«rtia» of
aona of tha Titaliiuu alloja* A Taw additioiMU. raaarki aw
hox^«
Oraitt (77) t^as raportad thui oaaaaioa«l aaat hi^ ta^ptra-
%ar«^ high vtrcagih allaya of tha Co - Cr * Ho • tk typa fallad ta
A0W rayradnalhla ruptura propartiaa bgr y1al<tint aithar aacaaaairal/
hich or law iaat 4aia» Aaaordlsgly a taat program «iaa iaitiatad ta
Bta^r ^^* affect of aoXd prahaat and oatal oavting t««p«ratiara tm
tha roptura propartiaa* flcora 1^ shaaa tha affaat of inaraaalag
tha Bold prahaat ta^parattzra on tha JO^OCX) pal - 1500 F niptura
Ufa and alonfatlon in alio/ 100 TY 2-2« Nota tha wida tpraad af
ruptura Ufa valuaa irlth oeXd prahaat tai^raturaa sraatar thatt
1850 P.
Oraat (76) foiaad that tha nvnbar of graina par saatiaa
with ineraaaiag attal t«fi^ratura vhlla tho oarblda •paaixif
acnetant* Tha abora la raflaetad in rigura 19 Wiiiah moKarisaa tha
ralatlonshlp batwaan tha struotural oltntnts of 100 VT ^2-2 (aa datarMlnad
hy vuriationa iti raatal • paurlng ta&paratuM) and tha ri^ttura propar*
tiaa At 30,000 pal and 1^)0 P.
*!©-
w^f^f'i^^} ^^^ Jkit:
XCrtitMaafii "t^ilii* y*^^*^ ^ o«ii^MK|o«2 •«f4qin aJtfi—fcyac^ ira4«
no rK>i«'»<yM# aal^M* fiNw km tamhw^ hitm to it*!!* Mfi t^''*
!• hBtm^ tto2¥ 9tLt B^cn »%*t tt COX ^1£m til namiffmU hm ^IZX
mfiiiiT ifilMqa •l^id'XMi mU ^IMa •vt^jrmcgami iMSma aoicMnoni riilw
m) £»& TV CXU le •JnmmlM Jufm^mit^u adi nMw^vd qidaaotStdBn
-05 •
MMb nark rwinn to b« done in th« inreatlg*tlon of ^m
influeaoe of proe«tsing varlablos on ptqnlo&I pre|Mirtl«s» Th*
StAtisticMtl ftttVMureh Groi^ at Ck>lunbia Uxuversit/ vad«r aa KDAC
«oQtraot^ eould SHaA no oorxulatloti in TltallitBb OiOflig aMBposition^
haat traatnmt^ ruptura Xift^ ami Austilitj ou tha baaia of data
ebtalnad iro»> ariotta aoiurcaa* This fallura )iaa baan attribotad ta
rariationa in mold and sital iaaparaturaa*
At iXlagba^jr I^udlim 3taal Corporation^ Braekanridca^ P«i»-
ay^LranU (104) aalta of ^5669 9-590^ 8-^6 ara mda in a 2i tan or
10 ton baaia alactrLo arc fumaoa* Tfaa baata ara finiabad vtidar a
baaie raduoins ala( and ara po\a»ad at 2700 " 2900 F Inta Mf and
up Molda 6-16 inoliM ^uara wai^hiag froa 400 - 3200 jpeinda* In
ordar to aaoura aoutid ingota a non conauoabla claotroda ara haa baas
attoaaaafitUy uaad to kaap tha top of tha ingots hot* Thcsa data
ara Inoludad in ordar to isaka a aoajparlaan as ie aiaa in awwrrtal
applicationa with bha praoiaion invaatnant casting (ooiaatiBaa .25
eroaa oaotion) uaad h^ Qraoit in tha acqMsriaanta outllnad abora*
^eft Tya&tapftt, )!oT^(^t ff^ Fabr^ei^t^
I>laa aiatarial auat ba forgaabla and buokSta, if wrougiit buakata
9jcm to ba uaad, uuat ba aaanabia to w>rkiag or Baaiilning* All of tha
hi^ ta^parattire alXojra ara dLffleult to hot Mirk and to hot - oold aork
iii tha ran^a 1200 - 1700 F baaauaa of thair )iif^ taqparatisra atrangth.
This faet ie ono of tha principal probl«Ma in tha dwalopaMit of higll
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^±^\rQ 20* (20) Effect of prior hot vjork on elongation
of 13^155 alloy at I5OOP imdor constant
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Figure 21« (20) iihCfoct of hoat troatraont on elonc:;ation
of IT-155 alloy at I5OOP inidor conotant
streoc of 8000 pai»
tumoA thai it wta difficult to reprod)MM» oMBMreialljr th« ^gr-
ot hot - cold vfork on •xp«riinental bar stoek. Th« erXeot of a
glran h«at traatioKit ob light saotions bij ba radiaally diffaraiA
than on a haavy aaetion* Ifuoh of tha data aacusmlatad to data
with ragard to working haa baan obtainad frain awotrollad
mcpmrijmaiUl aanditiona on iMali bar atoek»
Uaat traataant baa ba«H:i lasntionad aarliar «lth rafar«naa
to aolution treatciant and to atabiliiiag haat traatatata at t«apara->
turaa abeva that of aarviaa taiajparatura. tfith aoaii atttariala, it haa
baan iiotad that battar araap and atraas ruptura propartias ara
obtainad whan tha loatarial is atahiliaad at aagr 13^ F for arantual
uaa at 1500 - I6OO F,
11-155 ia probabljr ona of tha laoat widal^'^ uaad forgaabla
latarials for tha whaals of ga* turbinaa. The affact of
hot - work on tha aloogation of N-155 alloy at I5OO F imdar a oonatani
stress of SOOO pal is shoim in Figura 20, The rsBiataaaa to eraap
WMy vary widely depending iipon conditions during hot working* Tet^
by gXandog at the table balow^ it cAy be iu»tad that ixne of thaaa
conditions were abnomially different (20)«
- 52 -




of FlnishljBf Tint to
h«ftting« to Initial t«feii^»art«r fraetxirt
Ourf IxxLtlaXfQrf rbrglac ffJMl hMt"»t l^OQf
W51, Ipg tfBip, T«i?, ^«t ^ jyt^ /tt[. '>tii (^^,M
1975
1 4 2075 30 36 ii3 55 1300 23f
a J • 55 43 55 1375 - 1550 490
3 5 "30 36 36 39 36 U75 - 1525 714
4 I • 30 3* 34 39 36 1300 760
5 i 30^ a6 1^0 514
6 2 K4< 16 15 34 44 30 36 1600 1200
In flgur* 21 !• illu8trat«(t th« •liHigition elMiFaetsriftias
of tb« MUM 8«rl«« of Alloys •b»wn in Figor* aO« Tbs host tniil—it
for 1 hour at 2ad0 F and air ooolixag \im «llaiaat«d thm «actr«ai
TvrlatloiM obsorrtd in figtjro 20«
Tho axtont to whioh strain har^aaing/ ba utiliaad to gala
atranisth it a funatleo of tha t«ag^>aratur« of operation and tha oosposl"
tlen of tha aHogr* at tanparatorva abonra tha raaryatalliSAtion ar
raoorary tanparat^ira (raarTatallisation taoparatura it da^iMtdwit as
tixM at ta^paraturaa and paraant daforaatioa) oT tha Matrix^ prior
atrain-hardMiing of tha aaial la datrimMital aa it Inaraaaaa tha rata
of eraapy nharaaa at taaparaturaa below th* raaryatalliaation teaqpara*
tura^ Btrain-hardaning yTooaasaa ara halpftil* MaaQr of tha raoantly
davalopad hlg):i teaparatura wrought alloy* raaryatalliaa naar 1350^«
{% daforaation not spaaifiad)
Ovant (33) in tha ooiirsa of praparlng rii-Cr-Oo-Pa baaa alloja,
naiad that oartain gradaa wora totally unforgaahla* 411 of thaaa




^e u ^ or r-- 4 X
OdV OpU *it ^^ 4)i£ *C Of < ^M Owl d> i c
oofii 00(^1 dc oc ^ ac ei ^i d ^
iiesi.j^* aiifif bt,,^Aj^.t:niif^ kA-A %itillrsam %h» ban f OdK£ Jji litfuxl X *io\
9«32}^« Both of th«Mi •Iwwiia ar« rmry strottg e&rWLtf* wad nltridt
fefw»l*f «im1 it is Uim pfHNMuio* of th«se brittle ph«««s in *
•ontimvrj* oatiirv in ih« ftii9t*nit« c^atrix which eaiuMM f&lliur« d\jtrlnc
forgiag* BNilMiefjuvQitly it mm found that alloys ootiiaiiilivs ip*aat«r
ibaa k% of aither Cb or Ta adona wora for^gaalila* Mora than 5% of
•onblnad Ta pliis Cb shoulil ba avoldad in trying to prodtMNi a forgaabla
prodiiet whara nitrog^ and earbon are {lareaant in anounta oopksHj
ancountarad in thaae allojni* Grant found sataral othar alloya
which irara urifon^^aabla^ but thaaa alloys oontained carbMl firaatar
than »35% «nd in ^rtain Inatarioas titaniun*
At Allaghany Lttdlns, aurfaoa conditioning of forgings it
earafully dona batifaac raditctions on d-56@f S^590« and S<^16.
To davalop the baat hl|^ ianparatura prop«rtiaa^ tha allays rat^^ira
a douhla haat traatsttnt. A watar qusnab fros: 2150 - 2250 F is follotiad
by an at^ng traatpiant at 1400 P for a adnisnon of 10 houra*
MMSMafluXy 2ygl0y ultrasonic, and iHftay a»awi nsticna aay ba
maad to inatxra that forgiafi ara soumU
According to Fonda (112) tha motit lD;^:ortant oonaidaration with
ra^rd to turbina discs or whaals is ductility and the bast L«thod of
obtaining suffieiant ductility xo oy proper oontrol of grain flow duzdng
tha forging operation. Whan it was found that tha ric« of vary few
wheels raaehad or wcaaadad tha burating speedy it waa raaliaad titat
tha canter rather than tha rie was the critical araa* It ia vary diffi-




to tl mm mutt . -«• if« wii^i* 1& ^43^ cumi
•t «ifilanJi ic BflilBolAliMii* Mill— ^mAml '^9^9l.u H
•dxa«t tea ,0^^ ^diQ*^ • Milnrtu mmHii «<»u^' -.AiAi'in**
^fitmb woJl oJvta ^9 -^ ^ ci x^lHHuh ^htmiDlJlim yitnisMp
•illli3 %t9r 9l il .c^ni^ XiilftSt79 B(i# eftW' ^in lH m
In rolling 3-5S8, 3-59'" -i-6 it w«a iuund that "faand
ptt0M« vhioh avoid aorn«ra ar<4 |^y» mmJU r«ciii9tions In arwi p«r
pats had to b« u»ad« Eolling vm dcHW at alov sr«e4s« In aaehiBing
th« abore alloys (7) it was rmtwamrj to u«« suxz U2*;.i4kl euttlag
ellty radu6«d spattd*^ r«ry t^uurp autiiai; tooit^ «a4 •antiinioai
outtinf• About tha bast all^aromul tar«i,lt<on tw —ithinli^ app«ar«4
to ba a partially - a^td atata aa produoad bgr hoLdiag tte aolutlMi
tr*at«d ttoek for 1 to 2 hour* *t 1400 f • Spaada lUMd in turning
wttm 10*15 f««t par mlmtt* uaiog high •v—A tool ataal* Drilling
la tha uoat difficult ciparation \tiUk tha«« ciatals. Tha apaad of
drilllnf mmH, ba alow« Turbizia bladaa hara baan zuehinad from
rhawboid saotlooa of S-590 in a pariiallx agad oondition*
S^kmAM (114) i^aa ronarload that thara ara tue logra of
luilllng high strangth aatarial to obtain raasonabla tool lifai
1« Sadueing euttlng apaad azid faad and aaoling tte
•uttar.
2« Inaraaaing tha eutting apaad and t—dg but pr**
haating tha norkpiaee to 1000 7 • 1500 ?•
Car« Mttat b» takan to provlda pvotaotlon aicaiASt haat flov
fresi tha norkplaea to tha oachina* i*rotaction oan ba affordad bgr
inauUting with aabaatoa or hy siroulatiag a ooolant in tha taUL*
or fixtura«
OhlSaholKi has aaid (a2) that tha following faatoro rruat ba
iamidaract wha^i waldlng h.t£h t(Mytratura alloys t
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to bft&Tia erf? .Ql.?:*' i«o« ©fit «i
,rtO.
wail i^sNT- d^««i£jifc .n^•.'
10
46^^;*^'
!• UXtli:;aU Uiuiil* siiM^gMi ABd yi^Id sirMvUi «t
rooir t«3p«r«tur«
2* Co«ffioiw^ of •xpawilii • for vast of the high
iU stMl.
5« R«it •ondoatlvity is onlji^ that of lofir oarbon
•t«ii«
4* KI«0triMl ro«l«tAaoo in mork ha;i ittiiii —liOitlwi
is ^oator than that of earbon steol for ooat of
aXIoya*
5* fonMd and iiork teai*iHMd parts ateuIA te
bafora waldinc*
BLadas hava baan naldsd to dlsaa and dlaes hara
valdad to aacb othar to form tha aaaftlata rotor. Tha fadnalpaX
diffieultiaa yiav« baan not^ axtanalon oraokinc and naXd natal
baad araaking, Kotoh axtonsion oraaks ara araaka^ initiatad at
tha junation batwaan biKikata» whlah propaeata In a radial dirao*
tion aaroas tha wsld joints* Wald natal baad araaldng ia longi*
tudinaX oraakin^s in tha aantar of tha dapositad baad, or sporadit
intsrgranulftr araoking*
UJttiart (b'3) found that aonklnailoaa of diaa and blada
natarlaX with tha laaat ausas|3titaility to aactanai«n araeka shewad
littla diffapartoa wtNn naldiad bgr aubnargad are or Ir taatad alaatroda*
I'ha shapa of tha aubnar^iad * ara dapoait appoarad to infXuanaa
oorMnationa of alloys whleh i^era aansitire to oxtonaion oraeklag»
Wlda baada with tai^arin^, aidas oraekad »ara aavaraly than narrow
baada with straight sidss, Linnart fiirther found that prahaatlr^
had no influanaa on tha savarit}^ of axtansion araaklag* Wald matal
Miara struetura aonaiating aiiqxLy of auatanita ahowad praatieally
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io ijuU Mdi^ littJx' '! »i. fttAXX* «aw^A%«*^^
«
"'o e'er.'.;"-' -jjx? *?J »T-.'.J.-f " :iCJ:ra>' •:j';oxj..i
M •tt0e«ptiixLilt7 to «act«i«ion ormcklng* «fiMn MiMkll pocXs of
•«iif4«ac eiurl>i<i*« «nd oth«r ot«pe«Mi« iMire piHHMni In t.h« 8tniotur«f
An InenNMwi •itmseptlblllty to «xt«nai<»n or««idLi|f «»• pr«MMi« It
wi* found j^iJtMt th« junetion tMtwMMi tmelevts function *• adLnvt* k<H>* at
tho w«Xd ;)olnt and rodttto Um thonMil fXoK fron^. th« moX4 Mit«l oppoait*
th««« junetiMM* Thl« flowsr cooling rmt« IndMCod iMUi oo«f»siU.ons
of wold r^tal to prodttoo pronourteod stringor - IJLko oogrogotioos
oxtvndlng froR tho bMO of th«i jtaietion notch. Thus joioi deal pi
i« Tory iM|Bori4nt, Konxy (?) has oaid that tho charactoriotieo of
wiXd*d joints in those lilloyo are oo dopondaat on tho dMdfn of U\m
joint thai It ia difficult to aaaontalo anjr basic data of valuo*
Cross (40) niid Williana {SO) found that IntortMekot notch oxtensiona
occurred oron in r«^dil;r voIdabXo f?at«rial vtian the dsaign of tha
woldnont was viaait that wuivoidablo notchaa cocur at wald intarfaoaa^
iraiunrorao to tho direction of woldiug*
(kNRpariaoN of tho oeatpoaltion of i#eld w&tal doposit with araok
a«amqptibility is Tory diffioult nincA ooa^eidtioB af iha dapaaitad
Kotal oould not atouratoly b« dotorrinod* Woldini^ oXoctroda statoriaXa
are avallablo with balaneod analysis providin^r for eanpoaltlon ahaaga
during vrelcting (89) (Qk)» In aaagr eaaos^ hcwevar^ •lectrodo cAtoriala
of diasiirllar co;: |>oaition isay be used for Joints in ordmr to socura
stron(<or wolda*
Moldabiliiy tostinfc in this fiold is aioiXar to weXdabiUt|r
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v
«|>plle<itl<-ins • K*ri*l3 and Oliver (35) i^ve ouilinad a t««t pro««dur«
iirhieh th*^ appliod to flash butt~w«Xdcd diaos And sluLTttt* TtM
erli«rl:^n of a mioecsafol v«ld watt whether the tttoalX* otrength
aoros9 the weld vr&^ close to the t^islle strength of the sbaft
»aterlal (whleh ««i3 th« vwiker »eL.ber of Ute disc - shaft pair)
and wTiether the fatigue reeisianoe of the weld jimotlon was close
is %hMkt of the shai*t. I'lersacwkple SKftsinatioa ol uoe weld jitietion
was aleo done at ^CJQC. kny weld jUMtion %<tiLoh ahawsd nore %h&A a
eertain SMovnt of oxide CIIe: at the weld Mas rejecti»d. In addltiea
a lMM*aion test wa^i run on Uie ciaterlal in order Ui ^ee if oracks
formkl on tvistlng wider a certain Svrsss*
LarirTie (SI) bjk& rieixtit>ae4 Kiaklxic t«st pieces, confonrlng
At aearl/ as j[x>seible to the wold in qioostlon, ^lu thva rast&llogrmphi-
eally ac':! radio^^rap^'l^^lj inapectini, theci. The test ]:deces vera
glTen tensile tests in order to deterfnine 1h& weld strmurth. Thus
aat or the weldabiiit/ teats are a E;odifled servxoe );,»at, Uiata and
resultj froir one of these tests oay not be applied j;enerall,v Hinee,





Kanjr invtt»iis*tor« bAT« mJL^ that th« tensile test is
Tmluttlsss AS A tusasurs of lc»^: ti»s j/srromance at high isa^raturs*
(115, 60« 29). FrMMn snd oth«r«» Morkin;: with Tinksn l6-25-6»
low earbon N-155^ 3-590^ S-fli^ and inoonal X toimX no eonsl stent
relationship betveen tensile properties and n^itre^ cx'^^P* ^T
stress«tlins for totfld defonaation ohirneteristios, Crillett has
said Uiat 8^K>rt-tiRe hlxti i«Bi9)#Fati]r« yield str9n«tth test9 reveal
nothing; about ereep beharior* Itnaer conilitions of stress aB4
tenperatore in the teneile test where reianrnts of strain-hardening
rsnaln^ netala do not "settle down" to a eonsistsnt creep behaYlop(27)«
On the other hand ^rans (30) and Henrjr (7) have said that the hot
tensile test doss furrdah usefiil infomation for hot working or hot
forrlni^ operations* For exar^ple wamlni^ of te9n|)erat\sre sense in Mliisk
the alloy has a teriden«qr to bseoste brlttls asar te obtalnsd by joints
or data whish are radically rerovied froc the cot*tour of plotted cunres*
Bobrowsky (14) found an approadnate oorrelatisa bstwissn Bodulus of
rupture and 9hort~tir*ie tensile strenttth based on resttlts for brlttls
naterlalJl( ceramals ) at a nunber of lAboratories. )1odulua of mptvire
is defined as the ealsulated 7<mid«i«si i^tress lr> the outor fibers of ths
spseistsa at fracture. The ai«ort-tiir4 tensile strenfth of tAs
speoinens (TIC with varying proportions of Oo, W, or Ko) ymm foisMl
to bs about C.4 to 0«6 of the aedulns of rupture*
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In way discussion of t«nsil« Utwting, the raodulue of
•iMtielty If totnarhi to ailnct. rack (90) hM listed the foXlowlog
pclnte dttftling with the Boduliuit
1* For tfijr eleKten^^ the ;;)c»dnl\i8 is « ftsietion of
etottlc voivns^ SMkLtittf pointy and the i«Mp«r^*
t«re»
2» (irs'9t9kllo 'rrp*- ic effects seen rexy i. :x>rtv.t
because of elaetle anisotropgr*
3» The ftxKtulas decreases with IncraadLag tfpwsture>
4* Cold - Wdrking rediioes the ctxliiXua while stress •
rellsTlnf. atnU prooees amseals tend to iusrease it*
ATsry And Wilks (48), working* with c&st 26 Cr-20 HI sllov-s^
Toxttvi thftt ill the oonventiona.! tensile test at hl;;h tex^jerature the
Yalne of th« :::iDiulus MM oonsldemhlj affected y^f the speed of
testini;* Cross hivd Sitcions (47) and ikiid^pr and Sweoney (45) vorkiBg
with Tltalliiin iyp% ailojrs found a variation in the r^odultis of elasticitx
with the grain else* In the tabl^ t>olow (45) not« the narrowiug In
the Tariation froc tjtxisnur to adalma^ as the iqrain aiae decreas^se*
This is sQcploined on the basic
Aetuid K-nmg* A«S.T«K* Medaltie el' eXaJiticity^ pel
Grain Diarieter C*S* ^'ax• }:in« Average
0.0Q5 5 3^,^^,000 35,470,000 35,905,000
0.012 I 35,^^00,000 31#250,000 33,I'''-0#000
0.050 40,600,000 23,400,000 31,00,000
of grain orientations. Vith a fewer nwiber of i:r&in8 (larger rTtdja aiae),
there Is a ^.oasibility for greater Yarlation in tensile properties since
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"••r** 'n/' r,?n f*r
, ai- siiiT
•ar.ispr; 1o isdiaBrrt lewel-.
fi«i»<)>
ot th« croas nmetlfin, v^icraAn %#ith a fine Trained mitnliiM^ ••ch crmia
!• riMj^ioaulbXe xor oixxy k, sutAXX part of th« u>t«j. utrength of Um
•ros* MKstion*
iloiaarta aAd liortoliffo (91) have uBfKi a dyiuale Mithad for
•Ktasurin^ thm &»odulu« at nigh teiiper&tiuros* In i&«M«ritifi th«
KOdultta iay ummX statie eivtlwxls with th4 tsusile test &t high t«ii^r«f-
ttirmiy great diffleultiaa ar« amiauitargd sines only will stressat
iwy ba uaaci if eraap in the tjieoiKna is to be bvoidad* The coc^oinatieB
of usiai( vry wmlX etraMNHi Kith c<MSsaqiMotl3r nmH straine leada t«
ilia posaibility of making cqMrrinMital arrore of large aa^aituda*
In the djfBaala mtMiwi, a cgrliodrieal bar of the natal ie eaueed ta
TitMrmta transvereal/ with ite fvnAaiientaX frequency* ^roc: the
fraqueney atfd the «iaaa and diauiieioiu of the bar^ Young*! aednlue aaj
be ealoulated (forwuXa not jfi'veik)* The resrilte ehjwaA a daeraaee in
Xoun|;*a aodulwi with temperature* The value at 1100 f tor
3C - 2*25 Hi - ,3V Cr « .4 Mo Maa 3/4 of the nodulua at roon tespar*-
ture*
Marcmeee nay be correlated with tensile strength of steels at
roeib tenperat^jore* Erana (30) has said ttiat hot bardneee is not needed
for aoat hii;h tesoperature appliaaticma (exoeption Talvea). Besidea^
thia property does not correlate with the other nore icportaoi pr^*
erties auah as atreaa rupture and oreep* Parke and (44) » how^
•rtspf in ataJcing a suleotion of {irocdaing Emterials for uae aa ^a«
turbioe olades for tetsijparatures up ta 1600 ? used hot hardness aa *
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litil boiUiK &iaan^ £ iiasn #v«d (iv>) « iu«u» ik^^dctfi
aolijnMaM) «Eft ^fetf^ovai «:f oi ^1 nr :3 11 j3««i0 ad isfta
y^m mtXab€Ki 8*ii»/eT ,*i«ei «4^ lo iiwifawwiifc bat tmm •sH l%$ x'vmigant
,B«ciaoa .(Miritfv "^^4'<<^»>"9l iiRci^««l^q^ tnu4tnm0mi itj^ ^om *io^
B Bat wmmiinBti 9oii hBm % 006X m^ c{« «9*ciri«fEft(|i«M; tdi mttmSii milo*u^
priK«i7 i(Mt on th« basis that the harder aAtarlAls had fjk
er««p ftnKv^h,
In tanaloD totting at olevatad t«iparatur«* tha followli^
points aust b« eonsidared: (126)
1. Nattiad af haating spaaliMR
2* Maaamraasflt af spsaitn tanparatura
3« Kaaaturwiaiit of axtansion
a* alastie ranga wctansasatar
b« plastie ranga axtanaoaariar
4« Itoaanfimt of Io*d at fraatura
l-iost iaix)r«ktoria» at the jiraaant tir.s io not ^at tha jriald
strength in short tlma tanallo taats at alaratad tettparat%Qra8
the/ are <M>i aqoippad niili aKtsiiaa«atars for hi^h tae^paratiraa (21)
In tlM static iEMSthod of hardnaas teatinc at alavatad tacpara*
turaa, a fiekars hardnaas Eiachlna aBploya the regular loading daviaa*
4 vaauun alMBibar protaets tha teal spaaiMsn, tlM dlMwnd indantar, and
tha heating alaciant* TtM inpraasion in the spaeiaan ia read ky mmmi
of an optiaal sjrstasi* Tha a|iparat«a oaj^ be asad up to 1700F (125)*
klsbat (diaaussion to 125) haa aaid that if the rupture test data ara
plotted an linear aoordinatas rather than log - log, tha rupture eurra
falls rsr/ fast^ with high lowia and short tia»a and haooaws vaij
flat with low load* and long tistes* li would therefore tay very
diffieult to pradiat tha tooriaantal part f>t the straaa-mpture curve fra«
abort tine data «iriaieh fall on the alnoat vartieal part of the curve •
Inatead of a alowlj applied load, the dynaada hardnaaa teating
fivathod uaes a fallin;^ waig^ht, a rale.iaad uprin/i, or a Mow bjr a
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,e9lwlf ^ifeAttC 'UJ^rlHWI •!«* nolcill» «»JMMB •ilW»WW< WlMlfU'^ « «««W^
fatte ^•n^^M.^ui^ iaHiWilK mU ,iiiN*l»«'t» #»*»* '---^ •>••.*#«*' -^^^dgi imuok&v 1
«(i;8J[) VOVX 9^ 4tf tow at^ ^aa jwiium #<g •Mwrirwi iMi«»f0» am to
two «- «K» tiol - ^U mM iwtiM i iiiwiiii iii «MniX £8^ iii^<j«XH
X«»v "sis 'ie-rt^^y l¥f^ ft«%M ^i*4tsf>>» M» %iil lUJw t^isiii tmrt aXUl
'»*vnjjsr urtcf " . ^ .fe«5jf'..'hrm* i«e>*Jji <wfs* rm ll^'i tist^ »#«*» -fw^ 4mi^
« s^
pmndpltm or hmmmr to produee th« Indentation of th« isst
pl«o« (124) • tli« hot Moridog 9tr«sso3 in forging, ooi^sdnit, rolling,
extznatting, ilraMing, 4iMl pre*ain£^ ?ire taany tlaio faster tnan i.iioa«
ftpplitKl in th« static tonaila and hardnoas testa* The dlfferencaa
in statia and djrnawio haFdiwss rtarnnm twiferattirt* «rurv«s iAu>wa
that the atatio isathod <to«a not naoessarily teJLL the correct
realstanoe to plastie foredog at rapid defomation speeds* In
eittresie oasea^ the modmn of dynaiide har^eas coincides with a
adwlnttp of statia hardneaa* Ify gradually Inereaalag the deforaatloa
speed in impact torsion and high*8^>eed tension testSy the iiiarfism
/laid strenf^th vtA the ultimate strength of iron and steel are shifted
to higher temperatixrea* Thus in order to f^et a qtialitative eaiiiiata
of conditions whlah taay be expected in hot ii«orkins; the dynaad*
hardness test at oletrated tesiperatures is nore appropriate than tha
static riardneaa test*
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• ftiiw «#Moffl»n e««fl§n4^ jlliMi^'lo inittlKlM «&# 4—taa CMnix*
WBrTgif 9$X7 «flurci»j £EQXBn»J &!;« iIIhK! isiu aoxcTOJ J0»q;i3i: n
- C<> -
SMmJDL
r«tigu» tftrwiKMi 4»«i not •ftpcur to b* «b laqpurtAnt Imms
«!» hl#i lMM{9M«turM (^) (27) (17) (U)« (llUett (27) bM mU
thui 1a <mmw« in uhLch a X«ng WMnrl** llf« i« ini^t«r«3t In tht
dwljii Um» jM»»da whleh prodtaM tha low limiting croop ratoa Mii
iolAl 4otorn*tio!i ax-v oocrtd<lOThily 3UMf«r than th« mtiuran— iiadt«
Thor«fuf« oroot; r«th«r ihaa ffttljiM is tha oontroXling dtil^s fMlor*
Thift r«I«tiv« vnixpoTi^BBtim of t'^itlfut strength tmy bo ctao to a
dooroaoo In the notoh ooiMltlHtjr of tho otools tdth rlBlng toaporsturo*
In tlioflo oaooo in iddeli a vnry lh:l%mcL sorrlee life is tho
baalo for ^algn, roaultlng isi hliih lo»i» and approelable aXXowittilo
doronftatloftf strooooo which pr<»4m9 fravturo in 1000 houro aro lOtMltMg
of tha aatTiO ordor of sAgtiitudo as th« oinlwimo llMlts and th«reforo
fatlguo v^xuKt be con«id«r«d« It is not known box cjooh aoro iwportont
•lorfiijeo condition booowKi wIma fatliiiia atroiaot aro tho eontroUiqg
•troaooo la dottisAi nor le thoro anr »«aouro of tn« roJLo played br
aXloy ooi:(2)Oiiition in oonnoction with ourfaoo •ensiiivity.
in itmjfK/ i^M,^ t«ifi^,«rature j.'ati(^tM coci^^ uioro is no apparent
tondSMy for •tr«ss <- oyolo i;:raj»h« tc lovol off and dovwiop «n apparoni
andioFamM Uxlt (2^) (30) (11),
With roforonoo «||taln to thu iooialoa aa to wlMthor fatlgut
atronfUi or oroop i» Um })«»ei Ir {ortant varlablo— if tho futi^nit
•trench an«I yiold otrougti ^etc^nrJUiodl by vwrloua waan otatio stroaaae
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Pigur© 22* ToEiperaturo and straeo distribution
in a turbine blade* (X7)o
it dvtttniinMt at rsrioiHi timiTatur— , it is found ttet nt low
l»«Kp«raiur«» the fntlpm ttrcngUi is always lowar than tha yiai4
point and ;it M '^ toi^iaraiicraa ilM» fatifua atraogih is hlcliar
than the craap ii-.J.t« (17) Tliara ia aa iutarmadiate ta^paratura
at which the static yiaXc point and tha fatigua atrtncUi am
idsiitical. This tamiraratura /arias wiUi tha do;^inition of tba
tr—p lisiit and tha fraquaoa/ o£ tha load rarax^aals appilad vhea
datemlnint^ tha fatigus stran^h. This ttsmparatura iiuiLoataa tha
transition frot- brittla ratigua fraatura to axtaeiaion by craap*
Thar«)for« tha anginear has an i/idioatiou ^p to idmt iaopwatura
fati|:ti« strangth is tha critarloa of tha zmxiaum pamdaaibXa atraaa^
and bayond thia tax^ratiura wltara craap Iir4.t ia tha saritarion*
In i'*i£«ra 22 ia ahown tha stata of atraaa in a blada at variotia
positiona ol tha biadw aoe^iArad wiUi tha tSKtparatura^ fatigua liait
and craap liieit* TJrta outer part of tha blada ia aliooat tha sana
tamparatura aa tiie iii^inging ca«| tha root of tha blatia tmy ba about
loo ~ 200 K coolar* Tha oraap titrati^th at tha root is hii^ar^ but tha
fatigua 3traui|th am^ ba lowar than at tha blada tip« Tha ooabinad
otatio and altarrxatij^j; ati'aaaaa ar« hi^h.ast at tha root, Tharafora
it is posflbla to hava a situation whara tha panlssibla straas ia
lowar in tha ooldar saetion of tha bX&da* If tranavaraa ribrationa
of vor/ high fraqtoanoj ariaa, tha highaaw atraaaaa wiXl than ba ai
tha tip of tha bladaa.
.65-




Turbine Jilaiilng is re<]ulr«d to wlttetand a st«a4|r
centrifusal stmas^ a nUudy gas bending straw, and conplvt
riuataaiinc straaaaa* Thaaa riuetuatlni; airaaaaa ara tha
raault of aaro4yxuu<de bvtfi'etlng of the icorlx:^ blaias frtn tte
pratadlng raw of st^atlonary bl&daa i^eh toay aat the bladaa InA*
ibratiar. with & peak norenant at roaonant eoiylltlona when aaab
Moiring Ujule raealvas auecaaslva blowa fram aaah atatlonanr
hlMOMm A flutter iHaaoMNm n^y alaa aatm at tha trailing
a<icaa (4).
In ardar for a fatigite taatiag aachlne to iait'^ito tha
atraaaing of a turbine blade , it would be raquirad to exert
alBult^anaoualy a uaifor^ terisila load« a unlforti baatf load, and a
fluetu«tiinsr bend load at lYequenciaa of several thouaand par saeoad
at tanparaturaa exoaadizkg X200P (129)* It ia uaiaal to daaign on th«
baaia o£ only steady atreaaaa nain^^, the slastie theorj axtd orcHip
data*
Siuae tiiert; la Ijnsuffiaient inronstation available for th«
desi^er to ba»« hla design on fatigna atreases, ha ioaurat that
the poeaibllity of fatinua failure la .'iade x-enote at tha acpenae of
iightneaa and aerodyiuwia effioiency. This sKplalna \Aij »• apaeial
eff<Hrt haa ba«n ri»u.e to dewalop new txirbiaa alloyp oi wtiioh tha
(tImi fuiiotiori la the ability to wit^staod fatigue* Alloy nanufao-
turera faei that a extfflcieat aiaount of fatigue raalatanee a«easqpani«
isjbteriala o£ uig^i creep atrmictb (129) •
lbMe«-»r
lo . «* #rfi .fife
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HMt fatlciM testing wtaplj indieatet on« alloy to hm
•ora r«0lstant than an9th«>r to ribratlcvn Sua gmanX* Th«
«urr«nt amtYJiiB of fatigue te«tlnc ema b« dlTi<l«U Into ti*
nalii elafsl floations. The first is the vibration test in
whioh the nain objectiipe is to find the natural frartysaajr of
the finished cornpor.tint* The second welhod is a& att ssi^ii to
esta^iflh the siKiuraiiee limit of the material when subjeetotf
to oon^itioRS ressnbling a serrice test*
arious fatigue teata in use now arst(l30)(131)(50)(129)(121)
!• The fneunatie eaceitation test • vibration test
2« Violirt bov « resonaaoe teat
3« iLLterrvatt) tension •> ooa^ireMlon test* Haigh or
Krausi<i ; machine is used for this teat«
k« ' i' Tost
5. ^.^ghouse Test - a nigh taciperaturo fatl^?«i
t^chin* vhlcl:i eitiploys a fixed (vmtilever^ oonsiant
4ttflection principle* Vibrations are Induced hf
a balanced eleotrtwiic syatar-i*
6« Scheah type teats
miiards (129) has said **9iiiipe«e w aire aakod to deten.iin0
ilM» iiiarA wwi fatigue stress iTenolMdble for a &«ti»rlal to be used la
a turbin* blade required to last '^t" ixoxxpM in serrioe under a ^vett
steady creep utress of "W" tcwis. The frequency of vibration in
the tturbine is n cycles per li^dnut* vhareas the hi^^best frequency
possible ill the fatigue imishine raay bsc';^* There is a ^oioe \»rm
of two teat fiToeedures* A steadij stress of "W" tons £;ay be lri;:ios«d
on the sp«QiBier. an4 an attonpt to find the Uniting fati,»:iis etresa
for a lift) of "t" hours viay ^ ^loade* This is the correct siethod oa
itea basis of tise ulone. On the basis of strees ayelas the correct
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Ueitlag C^ti^pm tiroes \iovOljA be basAd on 50 "t" ho\urs«* In th«
first in9t«iie«, th« spteintn in only riwn X/5C th the rcv«rs«l»
it i»aI4 iiwlicigp In •Qrvl9«« Xxi the aecond Infricey the speclnen
is subjected to a oreep stress "W" for 50 tints lon^jer than it
wottld be in servioe, neither cethad is eorreet but it is thougM
that the lirst ::«^noa ie eioser to uvt eorreet aoswer*
With high r«tes of stressing Kpi^Lyiag in f&tigus testing^
A 4yiuuid.e Eisthod of eelibreting the equLpSMnt in order to detemlat
the stresa-airain reletionship is neo^seary* The 4yn«u&ic liiait of
proportiouelity hes been ahoMti to be mmsh bii^ier then t<w atetie
Xinit in sons rmteri&ls at elevated teirxsratures. At suiTfieientljr
eXevatesi teiiper^Lt/ures^ thare najr he no i:juit of proportionalit/ wider
static testixig ecmclLtions and tho relationship of strees to sti*aija
at hi^ rates of streesia« MR be detereiaed onXy bgr dynauie calibration*
The laetttod of eaXitaration dee«»ibe4 bgr HeKeoim and Baok (X?0) stakes it
possibXo to decide in an/ giTeu inetanoe whether or not it ie Justifi*
abXe to assuae elastie streaaing in eeB4>tttiag bending stresses frosi
the applied force and speoicien di^nonsions. For SKSs^e, when the
shape of the strees - strain curre or ioad « deflection eunre is
affeeted by the rate of stressing at eXevated tamperaturee^ it is
neeessai^ to deteradne the cvonre at a rate of stressing ths aasMi as
that oeeurring in the fatigue test* Creep occurring during a eallbration
at a eXow rate of stressing^ referred to as a static calibration,
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glv* a no2>*lln««r 9tr««s->8tFaln rttlntlcQshlp whereaa, if tlot
for or«6p wttro not tttmilahle beo«iiM» oi~ th« high rata «r atrttsaiac,
ik« reXfttionship taay b« linear up to inavh hlg^r atr«SMis«
}AUi r«(r«r«(ioe to Ui« ffttigu* itrongth of ptrticular allo/t,
TpoUji and toohal (132) plotUd 70 fatlgii« cimrea at 1200 and ISOOT
on svreraX high t^. ^ rr-^l-urfi allocs. At ICX) fdliion qjoles, tha
fatigua eunraa of noat ot thasa alloys approaelMKi a straight Una
on tha atat^dard aaiAlogarithmic ntraaa - CTcle cHaipraa* Tlia t!ho§m
of this ttraighi Una aaatican of tho oia^rara rarlad froe: alloy to
alloy, Tim wroufjrht forr^ of tha alloy ap|,>«arad to ?:iva highar Tatigtaa
atrangth at 1200 and VjQO T than whe rracision east fom. Fatlj^iM
traoturaa of tha wruught ii;aterials .dere, ii\ gararal, traoaeryatalliaa*
Alloya vith highar baXora - taat hardnats showad s^iparlor aziduranaa
prapertiaa*
Hs^um (30) rounu that vdth a 12 Cr alloy at 1000 F atraaa
eycla cxirv« was atili fttllir»g at 500,000,000 oyel^ (for tha
fraquanoy ua«d - 1158 iK>ura)«
Croas (40)4 uains; a Kroiise dlract -> straae fmchlne vlth a
atrasfl aai iltiide of - 15,000 pai at 135^) F on forgad 3-590 and H-155
(low carton), found duetila fracture* vdth meaaxarable alongation aai
iiMiokin£ down* Tha tiisa to ru^itura li: t^io fatli^tte taat oloaely
appraniskatad tha oonaiani-atraaa to rupture tia»« This would indioata
at least for this particular axperiiuant that cyclic straaa had no
affa«t on tha tiaa to ruttura*
- 69 -
9^ Toil* * * tWTMiife Mitf t« C( -^t"!^ «^^ ^^
*
^f:43 ^ lii nO SLC « ^ - . -•
^(^n «h# • :vi/iii<ii
With rmtmrmkom to Um» pr«vio)ui stAtMSMBi Bads rvgwtfiac
th« powiibillty of nor* •mrmrm str««s oondltions at the root Xhtm
At thm blmim tip*, Bobrgwilqr (14) mM^—tvlly op«rat«d a rotor with
3 ooranal blatea and 139 alloy l»ladas at gaa t«q»«ratur«« tip t«
2000 f and apaada iq> to 15000 rpn* Uwoat aiimltaiiaaualj with m
iner««aa oX apaad to 17«500 rpn,, all of tha aaraaal M.adaa failad
at tha root whara tha tawparatMra iiaa qulta low*
Mliaca dM^ittg la aMoafUJjriMid l^f tha vaakMileal blado "iliaa
Joint 'r bx Uta inharant MLgb ili^Auft aapaeity of tha natarlal itaalf
,
fatigue obvloaaljr la not a worrioowa praUbMa* Howavar^ tha trand ta
weldad JaifljUi and tha f^et t^iot auatortitie alloya (and it«ist of tha
firaaant high taa^aratura alloja hava an austanitie ^latriit} pointa to
prohlaaa in fatlgua aiaea waldad joints and auatanitie allaja h««<a
paor dMiptng aharaatarlatica*
IdJUoM (120) haa fovwl aartain ahangaa oaeurring in tha intamal
<Mytm af »-ai6, Inoonal X, M-'155« ani TiakaR 16 Or • 25 Hi - 6 Ko aa
a r«a\ilt of oontinuoua ribratlon* for «xaL>fila at a paak atrasa of
40,000 paly tha Ml and Co «• baaa alloya abowad a ml nili— daiiiHt naar
dOO F and a aharp riaa batwaan 1350 • 1500 P* Tha two iron^^aa alloya
had maglnMn daaping batwMn (100 «• 1200 F« a alight dip at 1350 K, mi
a aharr riaa at 1500 P. N*155 and 5^16 indlaatad aasaaaalvaly hl||i
dac>.plng at 1200 P and ahova at atroaaaa bolow ita fatigua liriit* Thia
high iralua howavar heoaaa rapidly anallar aa vibration waa oontinuad
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^ cfv ••vi^AimiMi^ a^S ia umbMlM t»JLU ^CX fen* ••t>f»id JUkamt&o C
Jb«Xl«l m9bMliBi iMssjnnvfO eMiJ lo Jjia ^^m^ Q^^.x oj £4»»q€ xo - :y^l.
•imX siivp «Mr »iii<.i'Hijwt» tiCi viMdv #»ov edJ iA
Otf toTbt #di «9»v<»4ieil •jMXtfovt «i«MiiTi€Mi « ^M «i '^XaimiWk
tt^X$mf**»'^^^i*'A^H yti<ymh noon
\olJji Mfjtfficra mti oifS «^ OO^j m1^ ao % OM
J^MmliAoe Mw «oi,?vT,-r n. |^ *t»llmm y,XiK^->.«« •os^to^Mi t««w«oii aiiit--.^' i^m
to th« •sctcni that it finally ahoiwd lowest valiws of th« four
utiorials* ll'da %9wn» that 4iMplBg <lata obtaiiMd bj siore orthsdtB
a«tho<Ui in short tl«M ihi^^ in aoa* eaa^, bo greatly in error if
WNKi in ehooaing MaWriale for gas turbine buakets, 0#naeqiiently
trotible would result in those dedgiw itere intenal AtmyiM •'
the buekets ie a r«jor factor in lisdting Tibration*
finally it Mgr be said that the daaplug oapacity of a oaterial
appears to be an inherent oharaeteristie of the material* It is
relativel/ unaffeeted t^ heat treatuent or otJber proaessiag variables*
Perritie materials have hi|^ AsKpAi^ aaiAcitj* 12 Cr steel has
•f the hifthest daBptng oapaeitiee kno«D. (30)
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mf\ •di lo ••srliPr #««wei: &«Mii« xH^'vxJtl il liMfjr jMs^j; mi:t oi
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k high th«nMj. eondttotlYlty i« a requlaite la afiat«rlals
•acp««t«d t4> poMM»8 hi|^ ih#mftl shook r«sistftni«» With Bat«i*l«lt
of hi^h ihonaAl Qonduetirlty^ it i« possible to o{j<»rat« at hlgbtr
g^9 Umpmtvat— than with i«it«ri«Lls of low tiMHtsal oonduotivitj •
other eo2)ditloaa boing tho Mat. An «aqp«riaont in which hi^
tujro alio/ (iMtal}^ e«r«Bde» and eoraiaal bladaa wora Mountod in a
vlioal and than paaaad throtigh th« flaiM tram a caa torah for a
givan titto r«««al«4 that tha earaada hogawt i^ta hot, the alXox
Inright rady and tha oarvial a dull rad (14) •
oownoimt or gpASsion
4 low ooeffieiant of lacpanaion is dosirabla whara eloaa tolar-
aneas and eTolic eparations are nacaaaary* A low eoaffieiant of
axpanaion haa Mkeh to do with tha adharanca of oxida filaa* In walding
a low eoaffieiant la desirable* Unfortiunatel/ bmjt of the high
tiira alloya have aoeffieienta as hig^h as 1*5 timas that of tha plaia
aarbon steal. Tha coaffieienta of these aHojra ineraaaa with tanpara*
turas. Kor axaskpla, Cunntnghii haa reported (24) that tha Slliott
turbine is nearly l/2 inah longer idiwt it is operating than whan it
is eold» Due to thia aspaaaion at the hi|^ temperaturas of operation
the turbine RUst be balanoad not only at speed but alao under
eonditions of t«&perature» (^k>rr^Al laethod of balanain^ turbinee
for o{.«ratioti at aoaarate taciperaturea 500 - 600 F is a dsmasda
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«ioXiiI •cU ^Aiir v>- / )b>#>zo(|«^ aid a«diftlflnar9 ««iiqii<)^
ii tmtbi aatU yOJunv^o ai ii OMfw -msoetX litoi S\X t^i*«M t^l ftA^'^4
• ST -
)Mj.«ae« at rooos t4Mqp«i*atur«.) In Ihm Elliott turbln*
is iiAB4I«cl Iqr hvrixkf^ ilM turblna and its appiMim flxii at it«
olUBMit •nd iiith all tpanalon torttmd ta^mrd ihm ixil*tf ^tbmrm
•oiHMCttoiia float bgr rr«al/ sM»vliig links •
TImi •pMiflo grmvity or danaitj of th« imtarlal inrXuanaa*
th« iriagnituda o£ tha atraaaaa daralopad in tha ratatlng tauokots dua
to oantriftical forea*
Parka and (44) in tha aaareh for a avdtabla siatal far
•parating tanpanitiiraa up ta 1600 P uaad tha aaltiog poixxt of tha
eatal aa tha oritarlon for aalaation* It is notad that, slthnnji
pura Bietals hare highar lisaliiaf points than tbair allays « tha pura
aatals do not usually hava as good Msahanieal propartias* Tungatas
(N« F, 6190 * 96 r) aaanad to ba tha idaal baaa* Unfortunately,
tvngstan «- etiroMiuBi alloys with axeallant ooddation rssistanea ami
high stransth at I6OO F wara too fragila and difficult to fabrleata*
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Pigure 2S« Plot of hindered oontraotion « stresses Tersus
temperature • (48)
}tai«ri«l« Tor wm la giM turbliiMi tpMlfleaXljr (teclgnMl
for trwiSiiori&tlon nhieh ia|9li«« ^srCIie op«mii«i MMt hmm a
tterUtin «Miait of re«l«taiiso to thonaal •twak« Iforton (15) h*«
Up tiM j|iro|artl— rvqnlrvd ^ aKterlals at oXov«t«d
for iMnriiwn roaisuuMW to toonnl tbMk tat
1* High tonoiXo atroMi
2« High thoapnal ooadmailidty
3, I^ow •podfle hoti on m ^o'bam basis
4* Xx>w offootlw Bodulus of •lastieitj (ratio of
•troM to strain at fraotur*)
5« Low eoaffieiont of thorsal «xpazi«iaB
6* Lov «uiMiTlt7
?• Low cxtarior oonduetivity (heat loaa lagr eomroetioa
at the aiiorfae*)
ftaatatiB— to failuro tram thomal ahoek was dLoifi«ad l|r
Bobrowsky (14) by hoating eirctilar disks 2 Inohas in diaswtar and
aikoUt i ioBh thiek to a s^vm im^rattra and thtm qpamtrtt thaa*
4Lal(» in a sioYlag straa» of air* If a spaeinan idthatood 25 ayalM
of aliook at a sivaa tas^paratura^ tha toat was eontinuad at tha
naxt higbar taMparatura for anothar 25 eyolas to a muAmm taaipar^*
ture of 2400 P« Tha thanoal shook paraststar mm sat aqual ta
(1)
Mliara K thamal oooduotivitjr
T»S« tanaila strangth
aoaffioiant of thamial axpaaaiaB
8 affeatiTS modulus of alastieity
- 74-











A largtt Talu« of tlM abors p«r«B«t«r is indioatlvA of hl^
roaistfluice to th«nsal shock •
ktmj and Wilka (4d) hare plotted th« stratMe which r«siilt
If tho thermal contraction of an alio/ la hindarad* Tha plot shoim
in Figura 23 stay aanra U» fwetionai (1) It may Indleata tht
Kafnituda of thamal atraaaaa that oan daralop* (2) It proridaa a
quiek critarlot: for datanDiniiii; at what tafl^>aratura haat traataaHk
Biuat ba conductad to radiiaa raeidual atraaaaa balow a cartaia laral*
Abora tha aorraapondiag ianqparatura point on the graphs tay atraaa
that la appliad to an alloy will rapidly fall by plaatie dafor»atlaa
to the Talua indieatad bgr tha c\inra«
Banrj (U) haa ranarkad that autaatitution of flna grainad
BatarLal for ooaraar grainad natwrial panuittad reliaf of thamallj
inducad atraaaaa by looal alongation at points of straas coneantra-
tiOQ*
Siagfrlad {56) has aaid that haat raaiatant alloy ataals testad
at high tanparaturaa in notch impact bahava like ordinaiT' baaia Baa-
aaciar steal tastad at low teaiparaturaa. Sinall ez^oka in tha surfaca
iBa7 alowly dsYslop and lead to fraeture without defomation* Sehaub
(51) haa raciarkad that tha Uniting craap stress should ba ooaplasMntad
by a correaponding teat (craap) on notched teat bars* In tha notched
test a stable laaterial should not aschiblt any tendency to anbrittl«
or to fissure fonnation in tha notah sisdlar to straaa corrosion*
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d^lil to Wiiaoibfli si ^•^•••laq svodA e v ^yia
MliMrta^«ife oiJ««Xq -^ Hill \ XXiw ub o^ b«iXq<|« ci SmAS
b»f»»t sTsttia vr^IXp- irMlFisr/*! i^oH i*/tf ' '/-ir, .-•«,.' .
->«6S di^&<j il'uutniG ttiiX dV«4i4K( v«iv^>.w. ii&^c« i^j tr
•Mlvra sifi fii nIe«<so llMot mBt/'wiarfq^i vol i« !»•«}»9i SM-i^^- -^9, &;;
tftfsifot •JMliaatoteb ^«dtiw wwHMrt'i oi b«»i teui ~ Xvola ^«a
^•ttwilqiWB vd JiXuods a«»-xcfB qt«^ gr dd^ /aiI^ ij»jk%mm% •»& (il)
•iioiftonoo ftten^ 4»i lAJCloie Ai^on vifi oi noiiAatot •rsraait oi to
- er-
There ar« a madMr ojC r^ttmsm \itiy a «X«ar cut ecxv&iim
or oxidation IniiK of a eatarlal cmmtt bt eiv«»» Hi* rat* of
aorroalon and 4«14atioQ of a ftatarlal dapanla an m»3Bjr dlff«r«ni
varlab(I««« Thaaa varLablao arat
1* r«t^:>aratuf<a
2* tablarit utieawij^mf
3« Qaiificnifelcm •( xtatarlal
4* Tl^ia of axipaaara
5« TharMal ahoak oorKtltlona - ooaffieiant of
i* Waahantaal straaa and alaraaloa
7« 9taadgr or fluotuatinip; taK^^aratora md aoftpoaltlos
of atnoaphara
•• KatlMKl of raporting aarwaten loaa mr aaddatlHi
Ckw (99) ha« aaidt "inroad gaatraUaatloaa r«gardlni[! tba
ralAtlva aorroaion raaiatanaa of diffavani aSJUqr aaB^^oaltiaBa basad
an tlia a^pari«naa f^idnaa in one t/po of applioation or on tha rasolta
of taato eondaatad laidar 9m» sat of aanditions ara likaljr to ba
%frong in their InpliaailMW kImr oorroslon conditions other Uam
thoaa for whioh the obaarvmtlona wur* wada arci encotiatarad**
HarwiOfl and aabalaaii (101) have nada a rather aoisprehanaifa
rajxkrt on atanrant ooryoaion reeaarah alili^ ia being eondaatad isndar tha
auapicea of the U, S* Kavy* oxidation and tarrdehiag ara now
a» eleotroohar^laai t^henoitena* )4etal iona have baatx ahoan to dlffuaa
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^T -
otitw»rd ihro^h thm oxiti* (sulfida or hMX14m) n.lu «• m«I1 as tb«
immt trmqiamA, Alffuilon of raaetani (|)^««o«i) ion* immrd, i
grwiag fiXb Mi^ te ooB^Murwl to * •iarr«Rt * proctuoin^ Mil with Ui«
i«iaX»filM i<ii«rfa«« (•• MWMto) siv^jplirijii cAt.i3B« ami eicetrooM
for outworci dLffualori «ad witli tiit *it*0king «itb«t«ne« • filsi lnt«rfao«
(a« oatnodoy su^plyiiig tbo fmiont for ImMrti diffusion* Tho filM
Mia *• both tho Intomal ana saciornAl drouit of * elosod eoll.
MotaXs c«n bo divictod into two <;it>ups for oonoidoratioB of
tiioir OKidAtion products I (101)
!• Liglitwr Kstols forti rjoi"*** oacldos whl^ hav«
« WMillor irolumi than Ute oqulvaUnt fiaotal oou*
MMMl In prod^Mlag thooo oxldoa* Tlit«o itala
gmmnUX/ ochiblt a linoar rato of oaddaiiaA
at ooBViMtt ioaqporaturo.
2* U.i«iiiuB and tho hoavior luotalo fona ptrotoctivo^
aeMp-porous oxldiM of «;Fe«t«r voluno tlian tbo
•qiiiivaloni ia«4al oonawMid* Mai^ a»ials of thia
gtvn^ SDChltalt a parabolie oxidation rato (invorseljr
proportional to th« square root of the tiaa)
Cndar a/omm •onditlona tbo oaddatioa proMas la
prvporiioaal to tho logarlthn of tlat*
studlas of oxidation and oonposion aro bolng oa^a
aurrontly at sovaval univorsitios. 4t lUinola Toot) (101) diroot
aaaatiraisvMii of the ratas of ^saa • uotal roaotions is beins loads bgr
nsans of a gas volwbotria aaaiiMMl with gaa airaalatlon undar atatoapharia
or low pressure* On« of tho initial phaaas waa tha utvuiy of alaairaM
potantials in i^roifing tialida antf aad4a layara* i stttdjr of tha aaaa
of aatal phase oonsixaption (looua betwaan the initial surfaoa of tha
metal and the surface of the
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mil (jc^f .n^JUi/llib mjMnl toU •fv .S ^fUx^eft^^m (•fewMM m)
•AT? I'^ifhf »«^il'':o .''li'V^C... .^n'ol tti^iUbfl 1M>^:.^ _, , .„,




til 1—0%^ mJMi&im ii4 firtitfittliie mmmi «ttii9
Oops X-i) ,.»• ^mUsTV* , """• I ,_.'>.. •^^i/^A '''*'^^'^ ^'''^ »f .iUtJ.i -JSi*»/:'(-^
rotreailng tmtail j^oiUM) rvvMiLeci that sran la the eMWS lAmv *
•e«l« f^rom b/ outward diffusion of th« Gs^tal or )*«et«l ions, tb«
•eal« alao must grov on the other aide towmrda the natal, CondltloMi
of aoala ^prowth on both aidaa of the '"hiatal are dlaaloilar. Thua^
the fltructura of tha aoala tarula to hm dlffarent in both Xajrara
fonwd* Goir^Maaltion aad struatura of fULna are being InreatigaUMl
bf chaoleal vad t»«tallo^api:iio aieaalnatioja and by alaetron dlffra«»
tioa atudlaa* Saveral etalnlaaa atcala liava baan axpoaad to Tarsrlng
o3qrg«n ataoapharae for differetxi tenjtaratiiraa and tlna traataMmta*
the oxidation jrrocaat tuu baaa foUowKl 1^ iMlght iiiaaBuiaHiaBti and
dlffraation atudlaa* It waa found that tha oxlua filna fontad in loir
aogrsan ateicsf^araa at IBOO ¥ tire luore protaetiira to further oxldatles
than acalas formad Iti higher « oKygan atuoapharaa. Uaetron diffrac-
tion pattenia have baan ebtaioad at tha iavparature of ooEldation*
Tha high teisparatora aaddatian pvodueta for—d in oxjriran and
in air in Cr atoeIa« rangliig ftwa 5-'36ff Cr oontent, hara baan anal^aad
by X-Hay diffrdotion* k regular Tariation of phaaaa fnraaant oan ba
eorrelatad vith o^umge in osddatlon raalatanaa* In aontraet with pura
Iron^ no faO waa found in tha oxidation of iron ^ Or alloya indieatinf
a ipoaaible function of Cr in paroduolrtg an oaddation raaiatant. soala*
Sinaa it ia raeognxaaa thai tba protaotion afforded a natal my not ba
dcma to tl:M» bulk oxide aetinft a» a a*ahaiiiaal barrier^ but rather ta ae
a^eaial propertiaa of a relatively thin layer next to the ^.etal, flls









At Gskm^eX^ Inatitut* of Tcohaologgr (101), th« diffualoa
BAehaiilano op^ratinjs during oaddatlon i^rooasMs are beii^ atudiatf
ta(f BMi&na of radioActiv* traoara* It is i^oaaibla to .I«t«rrliia if
it la iron or aaqrflan which diffusaa through tha oxide la/ar diurinf
the aaaling of iron* In brief tha nethad ia of elaotroplaiioK a thin
lajar of radioactivft iron on a poliahad surfaoe of pure iron. TiMi
padwan ia th«n oxidisad under controlled aonditiona* Tha diatributioo
of radioaetifo iron througjit tha aaale indicates the nature of tha
diffuaion prooeaa*
At Stanford University (101), a prosran ia underwasr to deter-
edna if atsoapnvria roaetions hare an isfortant effect an stress «
mptwra properties of high tesq>eratura allo/a* Than ta/ tha use of pura
BiOtala, tha laaahaitiaK and nature of th^e effeets are to be studied.
The resulta t« date have indicated that atcoapl^ieria reaetiona have a
definite effect upon hl|^ taaqcaratura strength prop«rtiae of natala aa4
allo/a. Tha prograa will also include the stodtsr of the effeat of
atrain rate on the aatbrittleuant of pure »atala aubjectad to str^aa
rapture tests ia actlTe and inert ateioapheraa at elevatad i«Eip«raturaa
in order to detersdjaeif the reduction in ductility is due ia anrlron*
cMKit or effect of low strain rataa and high tesq^araturas.
FVoa the above diaouaeion, it would af9>aar that vary little
fcmdaisMital study has bean done in tho field of eorroaien. Thia ia










haY« r«port«<i a mmiimr of elootx'on dirfrftetlon studiea on st^dnloss
st««Is 301f A46, d»53t)y nielii*oia«y ixioonol^ Btollit«^ r«fraotalo9f
hlpamikf kDT«r, ana tm»tmUjoym HlekMB (95) ^^aa^i tho r«fI«ctioB
•loatron dlfrrMrtion trsohnlqvw in wtiidytng tbm siruotur«a of ttm
•3dd« flLoa Qc Um «bov« sMiial* at al«vatad tMipaaraturas, Tha
obaorvatiooa vara aada at alavatad taB{3«raturaa and after tht
atal had b«Mn ooolad frwa tba blghi toi^>aratura« Tha folilowlqg
raatdta ^fr* notaMi
(1) Tha oxida whlah foniiad on noat of tha alioTB
(2)In ganaral, oxldas of iron are obaarvad at law
iMftarftinraa «d:iil« oxldafl containing Or appaar
aa tlM taitparature is elavmtad,
(3) Haatlng aoa oooXing axi^rifi««ta ahow that solid
ynhaaa raaationa ocaur during tamparature eyalinf*
(4) Thare doa» not appaar to fo« any eorroIatloB
batiiaaa tha atruotura of tha alloy substrata and
tha ooddaa vrhic^ wgr fom on its stsrfaaa* Both
auatanitie and farrltie alloys for* Cr^O^ and
a>)iiMil tYf» oTddaa*
(5) On Uioaa alloTS tdiieh contain Nl and Cr (nichraiasa)
aiid thoaa whiah eontcLn Co and Cr (mfraatall^
•ad stallita)^ oxides of Ni and Co
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n? 3^ «tU hmuf \<V) IM^ ^»«ii iMM «tAV
fiii *w;niK tew »< -a l)«f«Vf>I» .!M» «G«ai •hmt. toe
htm if-^Kr3rdi.m TciXr^ »cU 'u- «;'*•< v^^V'iiiifli ii*4» «MNW#P!f
oO bnjB xM lo esbixo
^ O'-
art ob0«rr»d At low t«a9)#««.tur«* while Cr aaddM
Apjpwu* as th* t4NBp«Nktur« !• r&is«d«
HKl Qulbr«nMa {%) fowd that, ir ttia oxide coating
of thtaa allo/8 waa protaotlTe to tha alloy at tacperaturaa in
axaaae of X300 f, tha atruatura of this pfotaativa aoatiog is of
tha apinal t/pa*
MiSkMii (96) has Fi«ntionad a nunbar of faetors iraporiaixi
in datarnining tha aiiadLaal aatf phjrsical strustura of tha oxida filM
on tha aurfaiaa of an alloy* Sotm of thaaa fatitors not pravloxisl/
nantionad arti
1« Thansodyiunis stability oi* tha oadLdi
2« Lattiea tyym of tha oxida and its raaaalilaBoa
to the laaial or alley lattiea*
3* FreeocidBtion treatiMmt of tha natal suoh as
annealing, polishing^ and oleaoing*
km lUtas of nueleation and growth of ths oodde
erystale*
**4*' above is trnknown, **3'' has been estiseated froB tharnodynaald data,
and "2" has been detertdlned from dliffraotioM studies* Smue ytork along
preojdLdatioo treatment linee has been ciene by Vernon^ tforriwelly and
Huree (97)* The relationaliip of the lattice type of the oxide to thai
of the underlying natal or alloy nay detemijie whieh oddde will fona*
It is possible that a giran oxide say have >.:reater jsrobability of
forming if its lattloe KAtehes that of the metallic substrata*
OoldsahKidt (98) has shown that FeO and Pe-0. have lattices whieh aaj
be readily cieriveci frob the lattice of a&{iha iron, while alpha ^*4><^
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bfts a rhowbobMUnd lattiM «lil«ii (UXfera aatmidmnJkilj fron thut
of the body » eant«r«Oi eubia alpha iron* oxperlttantaXljr ^^Jii
and FaO ar« found in eontaat with ali^ui iron Mhlla alpha ^•^3
ia not* Binary alloyf praaant ad^ad diffieultiaa in aaiq^ariaon
with tha EMtals uiimm iha oxldaa which torta aaj be cor<:pXax aai
dontairi tha ti«o f«iala or aolld solutlotw of varloua ojddaa
of tha two swtaXa* Invaatigationa of binary aXXoya hava ahoi«i
that it ia not poaaibla to pradict tha oodda that will form on tha
3urfaaa on tha basia of tha tharmoitjrMKla atabilitiaa of the Mraral
poaaibla oxidaa* Oxides of aona of tha alaBBanta, allieon aad alraoniiaif
ara not obaanrad in the outer aurfaoa of tha oxide lajrer* Qxidaa af
one natal (in a binary alloy) oo0\ar at low taeparaturaa^ >4iila oocidaa
of tha other natal apfiaar at hij{har taaparafcuras* Tha probloi of
idantifylng an oxide on tha aurfaaa of an alloy say ba axtraaaly diffi-
eolt if two or aara af the oaddaa below are praaent Binultanaaaaly*
The reason for thia diffleulty ia the sixoilarity in structure and uai%
call aiaaa which results in tha aaaa distribution of diffraoiiaa linaa
and intensities of thaaa linaa* !Ria al<!tiil&rlty in structure alaa






?wO. Cr;^3 a .32
ate*
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.-; •iltf'- 'if.iV .H?^«>: •.,'^0> »«!«» fk*^ brr«
tnBJnmi:soe ai m^iaximsiii^ t^satA srmufvi eipli^ TMUf/^i .jr
•d^ rto arrrt Xlivr .t«ri* «Mias »f^* *ii - • ^t^o *i v
to Mil)i3iO •^•tdX ftiplxc WAS lo M«l-»ie *c»^tM» vifi mi ^bvrtttcdd #«b •«•
%» ipijL^ T •««ri0i«*iar|«K.i 'z»rff\.ti! ^» t»mii\M Inimi trnd^n tU lo
I.ii •*
ComilAtlon of oxldAtion rmt« with the constltutian of
%h» oxidet oo&tir<£ shcmld b« umdn in ordor te dotartdnt WKi«li
•dditioiifl s^iould be i^iado to th« Ihmm CAiorial. for bost oxidation
roAistanco (14)
•
•Ml K«DimaU (100) l-iAve said that toKperaturv
increaoM tho rata of aealing 1.2 to 2«0 tinM p«r 10^ %«aporatur#
ineroaM jJrovidlnK tho toMperaturo diff«rono«8 are not too larfa aad
th« saAta oxida f^haaa is being fomad*
flMi affect of th« pnwaura of oicygmi, in tha oaaa of oxidation,
acta diffaraatly in Tarioua praaaura rangas* At vary lov oixygmn
praaaura, tha diaaooiation praasiore of tho oxlda aeaXa najr ba highar
than tha aictamal oMTsm praaaura* tender theaa aondltloiia aaala daaa
not form* Whan tha aoctamal praasura aocoaada the diaaooiation praaaura,
acala fonaa* If an oodda is nraaent in a ciosad ayataEi without an
additional aupplj of oxygWp and aoothor ^oatal la plaead in tha aana oloaad
a^^tan, then tha oodLda nay diaaoolata girlxig off axysam and thn
aaaond natal nasr oodLdiaa providinc tha aonditlcNM daaaribad abora
obtain*
TiM «>rroaion behavior to ba axpaetad of an alloy nMHWti ba
pradlotad froK> hnaim eorroaion behavior of aewpanaiit alamaiiia and
tho proportions of thaaa alataanta in tha alloy (99). In Fa-IIl-Cr alloys,
tha optiffsn Hi or Cr content for fCAxiioirr. corrosion rasist&nos yariaa





km «9tAX eio# i«xi 9Y« a^ensi'
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iMouni of Kl Mid Cr varlM idih ih« tasKp^raturt b«iii^ •eii«i4«r«d,
Coy V, ana )to whloh haT9 mlatirftl/ poor oiddation resistane*
a«jr aeiuaUL^ onmuus* th« Qxi4ation scAlliie, rosl»tanc« iiti«a jarvMOfc
In partloiilau: aaounts in F« - Or - Xi 4II0/S (99)* Hownror, if
Tcum. <«i4.U«> proteet. «. forwl wch m HO, or W),th. Ilo,
ia«^ nave icifvr oaddat^on r««istanc« as a resttlt of th« addition of the
tunestoo or uolybdcnw (X03)«
Porhaps tho oost oloar cist statacwiit that oms em tmUm about
th« oaddatlon of tii^h tamponitttre alloyv la that the reaistanco to
oxidation ir a fynction of th« ohroeiiiw oontcnt* Siaeo laoat of tho
higii toeijjoratiiro aXloyo have as anttooitic uatrix^ an Itieroase in
(liuraMdtMi Qoataut as operatic; vestporature incroaves neeooaitatoa that
niekaX or tiO^» otimr auatenite stablliMr be iiwreaaed to maintain
the attstenitio struotiure* Qov, Braaunaa, and Harder (43) Kikdm corroaion
teats of 7e • Hi » Cr alloyv in air at I6OO to 2200 F* Ther foimd that
Cr content i« conalderably iaor» affeotiYV than Ki content in reaisting
oxidation at I6OO F« Two g«ner*l ooupodtion raogos idsera o^^Imb
corrosion resistanaa vas o'otained at X600 f and 2200 F Mara 26 Or-%20 WL
and 16 Cr -^ 60 Ki.
Lincoln (2S) has lietad the foUowlne poroantages of Cr aa
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In Mldition to eoddatlon in g«n«r«l« <lMarburl«itle«^
OA]*buriB«tion* oltrlo^tlon, i»WfiiMidritie or int^rsraimlAr
f)«B«trftti<Mk, UKl ••iMtlY* InriltmtioiR «tt««k star o««ur» th§
|.r«««aM of MrboD in «oiikuBiloB 0kma oa unb^im*d U|4Pinai'>Mi»
or la aih«p tonm «ijr mum the earlien to dlffuM Ixtto Ui*
•t««l At tax aii3|«re«iabl« r&te at t«s|?«ra:&urM In «h»m «f 1300 f •
Th« ttiforiynftitt tbiai; ttevt Mrbon in m oiirwivB iImI la thai
earbsn ntmYAnm with ixt—n tiiaaa iia naishi of Or t« Tof*
ahroaivn oarhLasa* Thva in th« Tieinity of thaaa oarkldMi tM
matrix aagr ba dapXaiad Wlaw tha asaount of chrcadiaB nttdad far
aodldation raalatanaa (aatabliateaat ani a^latananaa of ateaadm
09clda aaaXa) at tha f«riiaalar ia^paratura* LlnoolA addad 1«7 31
to a 25 Or^^ao Ni ataal and than axpoaad tha ataal to a oarburlslji^i
atcsoaphara for 160 houra iilth fa^aetioallj no aarburlaation* for
tha optlann raalaiaaaa to oarburliation^ atralfl^t ehroaliBa ataela
whiali aro aaoplataljr farvitla ara raaaaaandad.
Sulfur praaaai In aoi&bi»tioa gaaas althar In tha alannital
foi& or aa H^^ attaaka ataala idth olekal oontani* Tha atdfyr
foma idth tha nialstl a Ni«^ autactie iihleh s»lta at 1193 F* LinoolB(aS)
haa fotaid that in atnio^araa Mideh ara oxidialn£ and In idiieh tha
aul.f>tr raaialna aa 90^ thara la alight attack on atimlfM ahronlia
ataala or ataalt with low Ml content* Undar radiaalag aandlilaMi
with auXfur In tha fom of R^^* Uiara Is aarioua attaok at alaratad
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"U-mmnfi^^eu ts ^jjjmxi^B&TxtJal ^o&ij^uu.'UXA ^ockur^isi^'siio'scs
•iff •<«r»90 tiMf ;fM^i» ndilar.
^ic*': €>u; -'0 V^ -i..; :^. «^ ^'^ t.^. ;!-: :_ ;: \-: - '; .;•,. ; :-:• .^
Xn t-r rtj.^t >uii til mi$M •mug mMmimifltl l«Wiii>^ ^tricue
(ISl)«Io8alX .^ $?XX l» «iX«« f«»Jtffir tJU»4Mw* 8*1{! « l«tf«ln ^-t? vr^^ Mvnel
Ma ddJbi^ ill hm irtitlifw »t» ffaKir iii<iii|ni<i1i &i ii
•• 4^ "*
t«np«r«tiiM« parilMiIurly if th« •to«l contaia* jiick«I. vHiauffir
MA iaL^b«> (9S) (102) found Umt in som •«•«•» hi^ tulfiv mm*^
biMtlait pMit o*u9»(i X««« —ling than Xcm sulf\ar !;•«••• Thigr
attrlbiiiad this to tb* graat Matt«r hx tht t««% r«ctilt«»
0am of th« diaooiuimlf iliiagi about ocprMalng a oorrosioa
iwdw «f a iMtal aal<ia fron aMtlng trt« eontroIXa4 aonditions
of tlB«^ aitMMii»h«ro« and toafioraturo aXroa^ —Htiymi la that
ilia wiiilii loat ^-^flrthod la aubjaat to graat aacprlint tl arror.
For axaeipla, Qow, araawMM^ awt MarUar (43) oould not g«t a aon^datalj
liatalllo aurfaat on Fa-IH-Cr aXLoya aftar rapaaiaA mA ywlonga^
4aaaalli«, MgOHllai^ (93) has aaid that daaaaUi^ (aaaoalatad wlU
walg^t loat) la not aatiafaatarj for long<-pirled tasto iriiara dasaallng
idll not liMULaata aulwurfaaa daatruation duo to IntariraBiilar attaak
aiUi dteaay^Huriaatloiaa Kovarthalaaa^ eorrosion data la aicprotsad aa
2
*graaa laat par XnA por digr" or "Inei^s panotratlao par yaar*"
Tha (larHan erltarlon far aorroaion raalatanaa of ataal for g— tvrULna
hiadlaa durli^ \hrlA War II xaa tiiot at Uia gir«n t«afMrat\ara tha
taatad ataal had to show a ItMt not gpaatar than 1 gnw par botr par
aqiiara r^atar* and at 90 F abova that toe^paratura a loaa not groatar
tiMB 2 (^rams par Lour par aquara laatar* Tha abar* ftguraa appaar ta
ba rary arhltrar/ attd at tha baat probahlj^ h«va my raatriota4
•njlmarlnt appli«abilit]r«
-•5*
.:»oi: » en-. oWodA - :«
-* 5^ •
^af^yggRviii
The cJKshAnieal toating of tiMi iAgJti tm&pvrntMnt all«gr«
for 4ya«do «ppXiofttloas otHy anphmli— taov little InfonaitiMi
!• actuftUy obtaintd from. •tMh t*«tt m cr««p^ tensilt^ «MI
fatigttt with r«L«tlon to pcrforsuuie* in sorvlfM* Smpwnay (21)
IMM Mdd that th« gtoafttl b«li«f today is Utat laboratorx
iMehanieal tMt data onljr sarv* u indleatlonft of the ubm for
%ihl«h an alloy s^pfmtiw to bo suitablo. At tho ppo—ttt tlat^
iho filial ehoioo of natorlal la ftaa^aniBBt only ipon lanc-tiiat
aorvlta toatlng In tho t^rbino milt, A« an anaiplo of tho lack
of a^ aonmii on Mqr ona aU^ for a apoeifle appiieatlon^ awany
haa said that of tho flw oobalt taaao alXoya which Ilagnnoa ftolllta
Oottpany r^koo for proelaion • eaot turldne Martaa Alliaoni thinks
nssJwr 21 alloy is bost, Vsstiaghouss h«« always uas4l maibor 23*
and othor tupUao bsildsro fool that aUboys ma&bor 27^ JO, mt 31
aro bottar*
>Mgar (25) hts dsosrlbMl tha sonriso tasting of whsol
iMtorlals in «hiah tho mhoola ara xuibuoketod to fall^ire in
a hiiJi spssd vaoini£>- stand* About 150 irtioola woro burst to aotomlna
tho rolati¥S quality of Tarlous wnufasturar* a whsols snd to svaliaata
X-4tay^ sysl^i and aui^monia toating* In utamttX^ it WkB tovnd thai




IzwffttetlT* in d«i«ctliig flz» erao)cs« Zjglo uu •ffvetlye in
4«t«atiBg «urfi6« if/iparf0Otion« • Suptritwic testing was offeetlTt
in 4st«otii|g erAeloi or voids too ku«I1 to bs found t7 X'^Uy* An
•ffort was MAds to oorrol*t« fsiluros with ths stross-ruj^turs
proportios, <li»piiig ftrnprntHtj, snd fatigu* r«sistv\os« It sssid
that tim 4s«Lfln and •ptrKtiag aonditions inflkosncod tho oaturt
of tho failuros. In th« turbosui>«rehiu*K«rs, for mmmrilm, tho
buoksts woFS iRoro sffootlTsIy dsapad than in tha aircraft gas
turbina buskats* Buekst band* in tha txirbaauparaharsara touahad
and in aona easaa wars uf««t kgr aicpanaioa. In tha bxjckata without
tha dasplng effaat^ thara ia aaata earralation batwaan failura ia
tha sarvloa tast and tha hij^ tasigparattira fatigM strsngtk*
SaXdln and DaHuff (55) ^wiva aaid that tha adrantagas of
rtuminfi bladad dlaaa in ia aetual angina teat arat
1« XdantiaaX aonditimis of nornal angina o()eration mj
ba dttplieatod*
S« Ma additional tasting aquipsMnt is naadad
^niare ars howvrsr nany diaadiintagast
!• Optinwa parsonnal safatj ia difficult and aoatly,
2* Costly angina ia^j^e oaeura in oaaa of porassatura
failing of avan a ninor part
3« HotatioBal apaad is li&dtad tj othar angina parta
4* Blgh aparating aoata
5» Tanparatura Sioaauratasnts are diffieidt
6« Daaijg^ and eonfigimtion of tha aquipaaflb ia Inflaxlbla
7« Thare is littla Indapandant control of arlablas
8« Thara ia diffleulty in rapaating tast oonditiona sad
results
9« MaaaurasMHct of eraaj ia dlffioult without axtansiva
an^^ina taardown.
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AnMUiv Wvaf^M Mi^ Al «AQi»e(tfMi» ^^ 4NMKpr tnmf 96^m» «id« al bcu
to M^^icuvtMi trfi 4^M1 i>j!A« 99M {^') VttiHtC b(i» ai^ -
e'lsrJ'fisirz^ Ito tajKo aX 9Vf9m> •jt^eaj0t> MU^it* ^^^i.^^ «S
e^-t»q[ tol^ni rsedJo ^ i>» <si W»q« ' «'; .t
•laiimi'sjii ml SofKt. ,d
Stewart and KUlnifimn/Hn (13) h^v* d«9«rlb«d tlM wpariaoa
of high t«Gtp»ratur« bjad« nat«rial8 in a tjrpa B turboaiiymhaigw m
Tw«Xv« differant alXoys ware tesiad aa blade aaierlal* 142 blades
of both wrougbt and preeiaion cast alloy bladea ware Moiunted In
the rotor diak of a t/pe B turboai^Mirehariser* Qleeel oil «aa
the futal uaed* Teat runa ware nade at 1200-^500 P for 50 to 150 houra.
After each teat run, the supercharger was raaorad tnoi the test
stand and taken into a constant tesipenature rose iAmts wftmmatmmatim
««re i»de to dsivnijia the panmrngA m^mawlon in the bladM and
rotor diak, Btesmrt and SUinghausen (13) report what aan bapp«B
in a senriee t«st as fellows t ** Bb mm tiladss of high-strengtk
allosrs were available for replassMNSty and a set of italliuK blades
was ta){»n frofi> a standard rotor for this piirpose* This proved wifortu-
nat« as one of the replaeegasnt blades failed during the seeend 50 hour
test run at 1500 F* — The failed blade segiMKit dasaa^ed a eonsiderabls
nuabsr of bladea in the rotor* Forty-five of the daoagsd hiadea wws
renovsd and rsplaosd with new vitalliuR trades
•
Renewal of forty-five bladss saA daaage to the referense oireles
wute it neoesaary to reestablish the refereoss Marks, renew ths bear>-
iiigs, and halanoe ths rotor**
An interestlA^ point about the results of thsss tests was
that two of the alloys which ahowsd the maniiwi rssistanss to deforMn*
tion at 1500 F in the laboratory creep tests stood approxlaatelx is
the r.dddle of the ^roup tested in the supersharger* Thus it
—i'Mpm 9$i ht^Hmmk mf»A (tX) MMMMdyUtUX km #«m»#i
iusw Xio J!^Kz»i^ • ^*;s*uuiO'4^^»<^>^ i/ -.. >;; r,i*
•mrad 0^1 o^ 6{ 1161 "f GO?I«0GSLr iA •t»«e «%«» ftom ;r»»f •JtM»ajt^ iavl «»iii
Ikw MiiiiBXd Adi til ti»Htmh» ^ntiiMik
•J[^fftmbtmi<:m M ktf^mmb Immss6€ abcJfo' ftHT -«- *^ C30^i 3a run Jeoi
,
^
/.•.• ;,. . i
ttc ' . .: :'— '.•/- • . :....: < , .: *
thai on« of th« atajor obJ«etlvea irt htg^ t«ap«ratur« Tmtmllvapgy
i» tiMi <iav«lopnint of & Iaborotoi7 tost for crraluatijig natorlalt
that will corrolato with oonrleo oocporioneo*
Roooatly HoffMa «ni Ault (105) aado a otudy of tho t^ppli^mm
tlon of otatioiloftl ntthods to tho omdimtion of i^-tuxidnt
blado falluros* Houtino laboratory toate aro usually appllad ta
Dowly avallablo I'tatorlala to rata th«i vpan tho baais of straas -
mpiura streii^th^ croap rata, fatlgtia life «id othar paropartias*
Tliaaa data aro valuabla In tha aalactioit and davalopeant of aatariala
in that thaj fumiah a ralatlToly fundu^antal l^aia for coapariaoa
and atttdy. But, aa haa alraady baan poiotad ouit, tha data ara
dlffieiilt to apply diraetljr for serviaa uaa baaama thay fail ta
ixtdieata the affaots of coeiplac aonditlons of atroaa^ toRjparatura^
and ataoaphara that axlat in sarrloa. In ordar to approach aarviat
eonditiona, alKulataol aarfiaa taata^ aiaqplifiad to raduaa tha nmbir
of Yariablao and to ii&prova acmtrol of variablaa ara anplo^'ad for
•raluation of natariala bafora uaa in aarvioa applieatiorM* If it
^fr^ peasibla to oorrelata fallurotf in tha aorvlea taat with failuraa
in tha laboratory taat^ it would ba poasibla to alUJLnata ciaah of
tha axpanaiTo aorrioa taating* For axai&plaf if a aarrioa failura
can ba attributad to fatigua or istraaa ruptur«« than tha fatliP^ua
propartiaa or rtraaa ruptura propartiat i»uld ba tha ia^iortant







.^ ai.u V . '
•^ tut f*^S •* »»iV5*t
eriterlon In th« labar»tox7 t«st«
n^ttmm «ad AuXt (105) ^etmndxmd the Cvqammxy distrlbutlMi
m£ tltM \uitil failure ot 1U2, aa^^t cobalt b«3« turbin* blftd«« a»unt«4
In MMh ot two discs* In oim» iihe«l^ th<s entire 142 blades f&ilsd*
In the other whsel, 6k of the bladss failed. The bladss in ths
first whsel itAd an Avsrsgs life of 25*5 tiour;* wiUi a standard
deviation of 11*5 hours* With this large standard deviation ssqr
be seen the fallaflQr of aaldng r%ry Jtew tests to obtain data* Ttte
results of very few tests mX/^ place at one extresM er the ether*
lle^.'noldSf Freessuif tad White (62) have said that arretif
results in rapture tests at 1200 F en 19-9 OL w«r« pxDbably dee \m
variation in e«spls location end partialXr t« an inherent erratie
•haraoteristie associated with low defomations in the laaterlals*
They recoMttended sufficient teets ie obtain a fMd avsra^e curve
of stress against ruptxura titoe*
Kills (107) in diseusslns the Uesign of a test coupon foeal
Vf statistleal anal/sis that wt^n good steeli&akLngf for^;iiHS« sa4
heat treating [ir iotlce had been eetablished, t'nere was as xniili
variation in |>h/8ioal properties within aamy single forging as withim
an entire l\—,t treatc<ent batch* Tests fron the end of any givea
lorging then were no better eriterion of the roaterlal in the center
of that for^ng than were the tests frosc another forging of that
kmt treatstent batch* 3tatistieal Btethodo for Btudying the
of wroxi^l^^ steel products have been given in a series of peper«
frot>. the Carn«f,ie Institute of Technology*
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«<l«f{ito ^^t •Ko ttt;i!iS»a.lX!» (SNA i& •<l*JU| i^site tivMhif «r»l xvs^ ^ aiJlMHM
•ie^«T^ i«(1J £iiM) •««(( (S^)f •#iiflf fem ^wwinitt viOJ^Mtiii
•4«:4xi (Mmtfcjiin <mTl>>> inn *»»» t«
diftim H« Aatr rvMlt ^Jtodniito^a* isMtf bud « i»*fj ^^)«ri
wvln tra te htm Mid iw^ «Mns<#? ,(it»^iuf .- ^mfi z^
tur* testings l^y« b««n d#9erib*d prttvloiisljr* Ptarth«r InfonMilMi










1 2 S 4 6
Radius of d^so* inches*
Tenp*
Pigvtre 24* Stress and temperature distribution in
a diso of IS-dDL rotating at 16|,500 rpm. (55).
0llp rla^ %rhcsr« strain pgt «l|pml8 were traiin»itt*d to a oathods
ruy oMlIlo9cop««
Thfli pr«9*nt de«l{^s of th« Slllott gMi turbln* &r« ^9«tf
oa t)i« iwadjiiBR stress tbaory of failiu*«« The •vmluation of thm
worldrig 8tr<Mis is nads on ths btsis of ths sirttss -> to rupture
t#«t in slRpIe t«nsion at «Xsv«ts4 isnparaturss • On ih9 basis
of what has bs«n said, it would appsar that tho daaigo of tha
gas tux'bina le an luidiirtakiag iavolTinf nanj apfxradAationt,
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•teiUAO M oi b^ShsfOMtJ siMT bImo^ V^B^ tUMnH MMfV ViOJhl ^lSM
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n$«re 24. Str«a« «ad t«iap«r»tur» dletribuf an
ft cUao of 1»«»9CS. ro1»ting lit }
- e? -
In Tigvtrm 22 w%» •hamn th« stmas distribution In a
blftcto* flgur* 24 depicts the stress distribution in a disc
with 150 P tss^FMTAtiurs diffsr«itlAl trctn eontsr to rin rotatlaf
st 16^500 rpm^ As with th« d«serlpilon of the stress distrlbntlMi
in the turbine blades, the stress problem in the dise is ymty
9ompLmK.9 The dise is subjected to bsst tagr eonduetion frora ths
MtstlMi sad as7 in somi essss be direetly hentsd by t>te cosdbttstieHi
gssss. The te»persture differential tocistins between the eenter
of ths diss and ths ris iamss a differsntial iBcpaBslsB idiieh Intro-
diiQss a syvtSB of thsmal strsssss that sorbins with ths ssntrifugal
strsssss dus to rotatioB (XIB) (122).
The slastie theory for disks operating at high tesiperatures
for sBi«Mlsd psrlods of tiiue is eoi.>plstiOLy inadaqaats* Ths asswwta
solution of the growth of turbine disks is an inportant and difficult
problSM* While the final strsssss dspsnci oril/ on the stats sf srssf
ultisatslj reaehsd, the i^crowth depends on the sntire 9J9X^ of lifs (123)'
Qclffleultles oonneotsd with sxpsriiasntal strsss anal/sis of
discs and blades are »T«ikt» {VLB) has dsseribsd how higli
tsi^)erature wire-resistanee strain ist^m were nountsd at ths basss of
several blades and the rlbratory stress of the blade was reoords4
during, operatiMi* Several components of the tvirbine were modified in
order to provide passage of the wlren froci the strain rrages to ths
- 92 -
'^mf mi mUt *rfj u. ' ^'•^ »««*
-cnini Islrtw -> » •••«»» i«H M* ht%m wife •«« !•
•* S\* -
A mtRb^r of fttetora whldi muii b« eon«i4«r«d in oTaXuatiaf
hlfsft i«Kp«r«iur« tttittrials iiav« \tmm di«ou»»«cl« Th« littX« that
is known and the gr«ai astount oX' unknoNn lafonMitiMi MnaerrMul with
theaa t««t« aad {»«p«rti«« has baan r^lniad out« Warning was filTaa
at the outsat that ryfifb of thaaa factors oan ba aeaaidsrai indlTldiudly
since inter:&ction and tntardapswdaoas aro lifttjortant in the inoreaaa
or dacraaaa in tha units of inaasurssMMXt aa^^iraaaing tha quantitativa
•aaauramant of tha propartj* Straaa^ atrain, tina^ and tafjiaratura
nuat ba oonsldarad alsmltanaoualy iftisn avaluatiiig s«tariala at high
i«^paratara« lliis faotor is the soqiXanation iA\y ths obtaining oi
data is difficult and SKpanaiinv*
Btmm rather obvious futiira rac^ttirenafita arat
!• Coordinated prograna of reaaareli
2» FijOTMiar.ental rasearoh on aeohanlam of era^
3» St\4diea of oo>i}>X«x otraaa syataDJi at higk
tesr.|[airaturet
4« Studjr of tlia affeata of long periods of straaaing at
elaratedi tenperatures on the stabilitj of sfttariala
5« Statiatreal laathoda of expexdjaental anal/sla
In tha iittarim^ the daslgnar of gaa turbines oust axarcisa
oorefuX judgjaant baaad on estpirioal relationships^ adaqaata K«rgina of
aafotj, aad on his abilitjr to diaoem if a particular test or test
nsthod is applicable, reliable , and trustworthy.
- % -
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,_,,,. ^^^ ^_.,.,__ ^ ^ ^•
Proofs,*' JiS^* ^'^'^ v»172 iS^ j)566--J?p#
50# €iA.t^,D.iU ttjn4 ,li«fr4fi3^.^* »• Hiij^ OnK^ String^ M;jsii&niiio ffee lurbino Porsin.'^fl,
U Saliaii^«09 •* iriitle {'^oture «f Stwtil UnlbMr S^jifi^lnoifi liO&d &t novated 7«aj^«ris.\;ura«
*.R,.mit9ftt # -7* 7 Jul:/ 1946 p mM*
^» D&bkln*ll»i*' BmlASEi^ii^ EJ^ Kant Propartlefi of 3t«elo,* ^3^1, v«l£0 part 2
fmm9 A3® Augj. 19^ 71 !io» 6 : ^
V. . ''1 p«









• 31ogfrlo3,vf» t*Obcorfi»lMip «l Qm/km%tgi^ mtA Br yp Tavist* Journal
QdP the 2jroi& wd attol. tmk» ir»iS^ Ams 1?^ flQ:,^*^w/«
-• CORW^ W*!** i*>(»^od3 of HmtUx:^ ^^t^M^^ a^oietfittt Alleys^'
6U CMeumieri> 9* «nd !>ClXXer# J^t'* atarAln Cio^ for fostiiKg ah«et l%t»I at Ki^
52* aflF/nol^a, S«&« #i alt" A Mvta :al Inv-csotl^i^tian «P Two
SIM* «f i9N^"B^,» iH^Ffiri,^!^ «*• Je?!S5*
'
, BUmiOM^gll^lUi'* Into jna 0#i«8a.oii med. Hvt dtrMs ^^tur« ^Mi,
'
II
<57# /oXey,?«9» t* 1!h» aikffm Wmm 1« o#risalii r!i^^ tx . Qta&lo," ^!»-tgaiur^a4y
v» ^i July X^ pl259-l^#
6% ^tt6X>J*K« »* Ooi^arleoii «f lir/eTipa j^itrucv^ireia of 10 ^^ro-i^.t ?I«ttt a»t;la%lqg
AlXoyo a'. •iijf»«mt&ir«6 r?•l.t:^k ttieXr CrystaJ 3true'U^«e at Hooia
70» BtosaKtsn, PUK* «** }tl«ros : ;: '^ma^^mfixtti Bxmmamm.,* Xnd»»ty^l
r« 16 Jan» 19^ pX^«^ .•
?3# ?*urin, J» *. if, Crw^ IDftta in Ikt^i^,/ ., •/•15 .T»ily l^^W
p, X2>-I.'56,
j|g^ fSw, X9^ J^D^-y*^.












OO* ..iXllnaM»^ JUBci" '^uiit Oatuflwe './oUhMttiOi OVwbIe^T'*^ :v?,i/:^l .c
i£te^*L. l^^t*^ # V* SI Jan, 1946 pJO*
37» Oac^l«^ll,y#J« »»y0ldfjig n>ar%o-^J#t ft^j^tnt*** ^f(^ ft^^^j^wier. v#5l 19^'^ pJJ-^
ti»j>
91, i.^oboru?,.•:•.::*• tk^id 8iiMrtQJiiffi> «f*t" Mtetauraaawt of 0.':. ..x
9>*





99# 3oM, J«T«»* A aunragr «f i'-itS^ - tf - v . -oelon of Irwi-
HJitoAHaaarirtrw Mlqgn»»* J: « ,. uiu^ and w^» ii,/*f,' p--U*e<»»^^«40>
100. t)r- -, A« aru? . .t"* Itl^i t«H|>9V«.t>.Are ^on^oaion ©f ll»-ealA«*
July 19^ "v^j ^-"-^f-
^s., ,-,x1 Jtffje 1^ » 151-138.
10;5« " ' " ' ' '. " , . " " /gr. :;ti3 o' 'i-\oa.'-B':A--if>« of
;, a :rir:'. -.'o, r-b. ?749
. —>-i W'll -l^lMl^t II M l .11 'h ******^
. ^ 3.9^7 P ^i^«
:^f .lf!U> ^rblrio Blfiulo FUllur©o^ . - ^» 1605*
a p X2,x:?,






XIO. Joo' . , . ' :.<45ard9n(0t .-Ties
1XX# . -r^ao* ??.B»t* Pr ' m Hard*:^:;^ Alloyr -ou Tuarbin*
-.-V..-. -^~ .->«*^ and A|kplioa:,-. .. ,' "yupsi* ' '"' ; ^.-v??-^*
Xi2.% . J**B»j 1lir!5>tr«tur» Di«c xr-t?: or Aircradft Jfto
^,aj../i0B,"
, "'"''^jiato* ^^ ^'^•^'* ••'' ^'''^'
•
1X4« MiwidifAtO* 1" fie ^ ^. :Msr«ni;:th Mlc^e at SX«fatod




X19« lU c, arooo or|
ao Affdctod by ,
a TurblnM






)5» April 19^ pa29-?P»
• ":**fir«ja5.R-T','i*Al Ai'A-/ ^v\f: "^ :'ir>/il ""S^/s'l' ^(r>ir'' Rl^i7;^-,n n»i*^*<» -^n*- TUTblr!''- ^I'-'^w-'v, II
3122» Leo- . -, oarml ^AxuBii^^u in -^1: : ..kfi," JottfiM^ of
, ?ov, v»i J ^3 at «ffljj«r«tur«0j* JoiurmJl of th<»
)• Edwawd©, A, '.•»* 5%tiq-J« Pr«>bl«a!e In t . Tiirb:".: dB






,Jj|||niB£Jl- -^ '-'-^^ '*'****• ^^-^ p'*^*)
'. ToollJiiP^a* and lloctiol, H*i.»t* -atii^^ 'ix cf 3tV9f«l
» .%>bln«on,v,'»j»!« Allo:/e for U»e ftt •'^«- i\»p<-/rt on /iaJ^t to (tanawf
::^r. ^^i"iar Bearirij- Oojii^«ana^; " Dlr-jaet of v%<k»Ii! fo,r iii£:'\ TwmwPutturo Oorvioo,




RaJuiUotudii^ b«tM»a<t strtiau ind Owwp lla-t»e,* J^^. p'^jI*
lAflUJ*w!*l,A. and ?lcr©tty,P.t?.i» ^ .rbolle Mat GJiart for
of AlldC's At .'tlorTat©^? '^trr-'ersL^nxtmit'* T^'-'-* A.S©? t^J il^V; .-. ,;>J>«
* Avery#a*9» jg^ alt" ^^nT.inO'jriin^ Prop<?krtie« of Hoat r^eai«tant Ulo g," j^ffig*
l''»4« ana as
'















and alloys for use at
teiweratures exceeding
^f^/- 115 6 se

